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SYNOPSIS 
Voltarnmetric procedures have been developed for 
the determination of four antioxidants, hydroquinone, 
butylated hydroxytoluene, butylated hydroxyaniso"le and 
n-propyl gallate. The methods are based on the electro-
chemical oxidation of these antioxidants at a glassy 
carbon electrode in 1 M acetate buffer in 90% methanol. 
the mechanism of the oxidation is discussed. These 
methods are applicable with good precision to 
control applications inthe range 1 to 1000 pg 
quality 
-1 
ml . 
T!lese stat'ic methods have been developed further 
for application in flow injection systems using a glassy 
carbon electrode anodically in the wall-jet configuration 
in a detector cell constructed in these laboratories. 
These flow methods are precise, have a wide rectilinear 
range and a low detection limit (nanogram level) and 
allow a sampling rate of 150 per hour. 
Satisfactory indirect on-line brominetric nethods 
for the determination of these compounds were developed 
using a flow injection amperometric system. The method 
is based on the reduction current signal of the bromine 
at a glassy carbon electrode held at +0.20 volts versus 
a saturated calomel reference electrode. The loss of the 
bromine signal with reaction with the antioxidants is 
monitored. 
Differential pulse polarography (DPP) has been 
2 
applied to the determination of butylated hydroxyanisole. 
The method is based on the spectrophotometric reaction 
of thii antioxidant and 2,6-dichloroquinone-4-chloro-
imide. The results obtained illustrate the possibility 
• 
of using the DPP technique as an alternative to the 
spectrophotometric method. The use of the DPP method has 
shown good precision and some improvement of the detection 
limit compared with the spectrophotometric method. The 
other three compounds do not give this reaction. 
A new method has been developed for the determination 
of nitrite by DC polarography and differential pulse 
polarography based on its reaction with ascorbic acid 
in Britton-Robinson buffer. Nitrite was determined by 
measuring the decrease in the oxidation current of the 
ascorbic acid and an attempt was made to determine it by 
derivatising the dehydroascorbic acid produced during the 
reaction with a-phenylenediamine. This latter method 
was partially successful. 
An on-line electrochemical pretreatment of a glassy 
carbon electrode held in a wall-jet configuration detection 
cell in a flow injection system has been investigated. The 
effect of pre-anodization and pre-cathodization on the 
electrochemical oxidation of nitrite was studied. The 
pretreatment of the electrode has shown a substantial 
improvement in the reproducibility of the signal, and a 
considerable shift of the hydrodynamic voltammogram of 
the nitrite to a less positive potential. 
3 
As an extension to the bromimetric methods, on-line 
iodometric methods have been investigated. Iodine can 
be determined by reduction at a glassy carbon electrode 
held at -0.20 volts versus saturated calomel reference 
electrode by flow injection amperometry. Hypochforite 
and hydrogen peroxide have been determined by measuring 
the reduction current of the iodine produced by on-line 
reaction with iodide in a flow injection system •. The 
method is simple and rapid and its use is envisaged for 
applications where continuous monitoring of these compounds 
are required. 
An assessment has been made of the relative perfor-
mance of (a) an Ismatec Mini-S Peristaltic Pump; a gas pressure 
bottle; a Gilson 302 pump1 and A.C.S. 300 .and 500 series 
HPLC pumps, (b) a laboratory built detector and a commercial 
wall-jet detector and (c) a glassy carbon electrode and a 
sessile mercury drop electrode for use in flow injection 
amperometric systems. The findingsare discussed in detail, 
but for simple flow injection amperometric system the use 
of a pressure bottle with the simple laboratory built 
detector,and a new highly polished and possibly precondi-
tioned glassy carbon electrode are recommended. 
4 
CHAPTER 1 
Introduction to Voltammetric Techniques 
Introduction • 
Electroanalytical methods include various measuring 
techniques which are widely used in chemical analysis as 
they are capable of providing high sensitivity, high 
selectivity and good reliability, three of the main require-
ments of any analytical technique. These methods involve 
measurement of electrical quantities that are relatable to 
chemical parameters. Voltammetry is the branch of electro-
analytical chemistry which deals with the measurement of 
the effect of the potential of an electrode in an electro-
lysis cell containing any electroactive species,and on the 
current that flows through the cell. This technique is one 
of the most important of the electroanalytical techniques 
for qualitative and quantitative analyses. Polarography 
is the term applied to voltammetry performed at a dropping 
mercury electrode. 
The history of.voltammetry can be traced back to 
.the work of Le Blanc (1 ) on the decomposition voltages 
of acidic and basic solutions and on the electrolysis 
of metal ions. Salomen in 1897 was the first to study 
current-voltage curves for the electrolysis of silver 
ion and to observe the existence of limiting currents 
and their dependence on the silver ion concentration (2) 
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Despite this early start, the development of voltammetry 
did not commence until the third decade of the twentieth 
century following the introduction of polarography by 
Jaroslav Heyrovsky in 1922 (3). \1hile the importance of 
• 
this method was recognized by analytical chemists, i~s 
real development did not take place until about thirty 
years later when manyofthe theoretical problems of 
polarography had been solved mainly by investigatl.lr'> io. the 
Heyrovsky school in Prague. By that time a growing interest 
in solid state electrodes had started to appear. The decade 
1955 - 1965 was characterized as a single period during 
which the greatest advancement in the theory and instru-
mentation of pulse, alternating-current, linear sweep 
vol tammetry and other polar-ographic techniques took place, 
while simultaneously, the greatest decline in the practical 
everyday usage of these techniques occurred ( 4). Since 1970, 
a sudden increase in the interest in voltammetric tech-
niques has become apparent. This resurgence of interest is 
due to the appearance of vastly improved commercially avai-
lable instruments at a relatively low cost. Hodern polaro-
graphic and voltammetric techniques are sensitive and rapid 
techniques applicable to analysis in the inorganic, geo-
chemical, biochemical, medical and pharmaceutical fields. 
They are also used as detectors in liquid and high perfor-
mance liquid chromatography and in the flow injection 
analysis. 
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Polarographic techniques 
Classical direct current (DC) polarography is used 
to investigate the solution composition by reduction or 
oxidation of the electroactive species at a dropping 
mercury electrode (DME). The electronics used in polaro-
graphy must perform two functions. One function is to apply 
across the electrolysis cell any desired DC voltage, within 
the range + 3.0 to - 3.0 volts. The other function is the 
measurement of the current flowing through the cell. In 
any electrochemical cell, at least two electrodes are used 
for electroanalytical measurement, but in all modern instru-
mentations, three electrodes are always used. The first of 
the three electrodes is the indicating electrode, also known 
as the test electrode or the working electrode. This is 
the electrode at which the electroanalytical phenomenon 
being investigated takes place. Its function is to serve 
as a location for electrochemical measurements. The second 
functional electrode is the reference electrode which is 
also known as the unpolarized electrode. This electrode 
whose potential is constant enough to be taken as the refe-
rence standard, against which the potential of the working 
electrode in the cell can be measured. The third functional 
elctrode is the counter electrode, also known as the 
auxil!ary electrode. This is the electrode that serves as 
a source or sink for electrons so that a current can be 
passed through the cell. 
One of the greatest drawbacks in classical two-
E 
7 
electrode polarography is that the potential is applied 
across the entire cell, rather than across the working 
electrode solution interface. Any data recorded with such 
a system are considerably susceptible to error if solution 
resistance and the resultant ohmic (IR) drop across the 
system is significant. The use of the three-electrode 
~ \._:::o' ~G. . -. 
system provides greater flexibility in the location of 
the reference and working electrodes and minimizes the 
effect of the IR drop (Figure 1-1). 
R 
a pp. 
-!-
R 
Reference 
electrode 
Counter 
electrode 
1 and 2 Operational amplifier 
• 
R Resistance 
Figure 1-1. Circuit for controlled potential operation. 
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The dropping mercury electrode consists of a 
capillary glass tube that has a very small internal dia-
-· .meter. of 0.06- 0.08 mm. One end of the capillary is 
connected to a mercury reservoir and the other end is 
• 
immersed in the solution being investigated. The hydro-
static pressure of the mercury column causes mercury to 
flow through the capillary and form successive droplets 
at its tip with a time interval of between 3 and 6 seconds. 
The analytical importance of polarography comes from 
the two parameters obtained from the current--potential 
curve. The first of these, the half-wave potential Ek, is 
defined as the potential at which the current is one-half 
of the value of the diffusion current. It may indicate 
the identity of the substance undergoing the electron 
-transfer. The second parameter is the magnitude of the 
diffusion current which is related to the concentration 
of the electroactive substance. In DC polarography, the 
scanning of the potential applied at the dropping mercury 
electrode is very slow. As the potential moves into a 
region in which an electrode reaction takes place, a current 
is obtained and a characteristic S-shaped wave is developed. 
The position and shape of the potential-current curve is 
influenced by many complex factors. The position at which 
the polarographic wave in a reversible electrode process, 
. appears is given by the Nernst equation, which is a ther!'lo-
dynamic description of the electrochemical system. 
E = E.- RT 
nF 
ln~ 
{Ox] 
9 
where: [Ox) = activity of the oxidized form of the analyte 
at the electrode surface ( M) • 
[Re~ = activity of the reduced form of the analyte 
at the electrode surface (M) • 
' 
E = potential of the working electrode (volts) 
E, = standard redox potential (volts) 
R = universal gas constant ( 8.314 J 
_, 
mol ~ K-1) 
T = absolute tempera tu re (•Kelvin) 
F = Faraday constant (96486 Coulombs per equivalent 
n = number of electrons per mole during the 
electrochemical process. 
A reversible electrode process implies that the 
electrode process is fast with respect to the time domain 
of the particular polarographic method. An alternative 
~ ~efinition indicates that the same energy is required 
whether reduction or oxidation of a particular electrode 
process is being considered. From this equation, .the half-
wave potential is identical to the standard redox potential 
when the activities of the reduced and oxidized forms at 
the electrode are the same. 
The total current flowing through an electrochemical 
cell can be considered as the sum of the Faradaic and non-
Faradaic currents. The first type of current arises as a 
result of the transfer of electron(s) across the electrode/ 
solution interface as the oxidation-reduction processes 
occur. The magnitude of this current is governed 
grat 
/ 
! 
If 
I 
/ 
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by the electrode mechanism or mass transfer process being 
used and whether the rate of electrolysis is limited by 
diffusion, electron transfer, chemical kinetics or adsorp-
tion. The second current consists _of capacitance or the 
electrode. 
The size of the Faradaic current depends upon the 
rate at which diffusion processes transport fresh material 
from the bulk solution to the electrode surface, so that 
the polarographic wave observed is said to be diffusion 
controlled. The electrode and the electroactive species 
may modify this diffusion process and give rise to a migra-
tion current. This current may increase or decrease the 
Faradaic current, depending on the sign of the charge of 
the electroactive species. Addition of a supporting elec-
1 
' trolyte1 (50 to 100 times the concentration of the electro-
r 
actiye species) prevents the occurrence of such currents. 
j The diffusion controlled limiting current in DC 
~olarography is given to a good approximation by the 
i Ilkovic equation: 
where: iD = mean limiting diffusion current (pA) 
n = number of electrons involved in the electro-
chemical process 
C = concentration of the electroactive species 
in the bulk solution ( m mol cm-3) 
m = 
t = 
11 
flow rate of mercury (mg s-1 ) 
drop time (s) 
D - J..ilfusion ~oe..~icent ot e.1e.cl~o<>..CllVt_ '"",?e.c.i<:."'-~m~s-1) 
The non-Faradaic process occurs due to the build up 
of an electrical double layer at the solution-electrode 
interface. The capacitance resul~ng from that layer, depends 
on the potential applied and the size of the electrode. 
During the life time of any single mercury drop, the varia-
tion of potential in DC polarography is so small that the 
potential may be considered to be constant, therefore the 
capacitance current is primarily th'e result of the change 
in the area of the electrode. As the drop grows, fresh 
mercury surface is exposed to the solution and the current 
must ·flow to charge this new surface to that dictated by 
the electrode potential and the solution conditions. The 
capacitance current becomes of comparable magnitude to the 
Faradaic current for a solution containing 10- 5 M of elec-
troactive species. Hence determination of lower concentra-
tions than this is difficult. 
The dropping mercury electrode has several major 
advantages over other types of electrode. The electrode 
surface is continuously renewed. The area of the electrode 
can be determined accurately. The overvoltage for the re-
duction of hydrogen ions is high and the overvoltage for 
the reduction of water is even higher. 
The electrode has however the disadvantage of being 
of limited use in the study of anodic processes because of 
12 
the oxidation of mercury which occurs at approximately 
+ 0. 4 volts versus a saturated calomel electrode (SCE). 
DC polarography suffers from its limited detection limit 
of 5 x 10-6 M due to the capacitance current and.from 
the long time required to record a polarogram. The poten-
tial scan rate must be slow for two major reasons; first 
to avoid violating the constant potential current condi-
tions assumed for theoretical purposes and second to pro-
vide a high degree of precision of measurement. 
One method of overcoming the problem of the capaci-
tance current and improving the ratio of the Faradaic 
current I charging current is to use current sampled DC 
polarography which is based on the measurement of the 
current flowing through the cell near the end of the drop 
life, instead of the entire current time curve for each 
drop. During the growth of the mercury drop, the rate of 
change of the surface area decreases and as a result, the 
charging current decreases, while the Faradaic current 
increases (Figure l-2ijbecause the depletion layer becomes 
increasingly thirra: around the d~op during the increase 
of the mercury surface area. Therefore the mercury surface 
progressively contacts higher concentrations of electro-
active species. The increase in sensitivity that this method 
provides in comparison to classical DC polarography is 
marginal. 
In addition to sampled DC polarography, numerous 
approaches which are far superior in discriminating against 
Drop 
fall 
Time -
13 
t 
Drop 
fall 
Time 
-(a) Faradaic current (b) Charging current 
t 
Drop 
fall 
Time 
(c) Total current 
-
Figure l-2(i), Variation of faradaic and charging currents 
with drop life in DC polarography. 
1 
Charging current 
~ ~ Faradaic current 
Figure l-2(ii). Variation of faradaic and charging currents 
with drop life in pulse polarography. 
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the charging current have been developed and are well 
discussed by Bond in his book ( 5). Two methods, normal 
pulse polarography (NPP) and differential pulse polaro-
graphy (DPP), are widely used. In these methods the poten-
tial range is swept using potential pulses as shown in 
Figure 1-3 for NPP and Figure 1-4 for DPP and the current 
is measured by current sampling techniques ( 6 ) 
Normal pulse polarography 
Pulse polarography was originally developed by 
Barker ( 7 ) in 1960 and became widespread with the deve-
1opment of practical instrumentations in about 1970. An 
extensive review of the theory and application of NPP was 
made by Osteryoung et al. (B), In this technique the 
potential of the drop is held at some nominal initial 
value during most of the drop life. Near the end of the drop life, 
a potential pulse moves the potential of the drop to a 
new potential Epulse and keeps it constant. The duration 
of this pulse is usually about 50 to 100 ms and the current 
is measured during the last few milliseconds of the pulse. 
The pulses are of slowly increasing height, such that 
Epu1 se changes slowly just as the potential ramp does in 
classical DC polarography. The pulse application and 
sampling times are shown in Figure 1-3. It is not possible 
to measure the current during the initial portion of the 
pulse, because the charging current which flows due to the 
application of the pulse itself must be allowed to decay. 
This is shown in Figure 1-2 ( ii). In NPP the charging 
t 
Initial 
potential 
15 
Normal pulse mode 
Current sampling 
period 
\ 
-I 
I 
I 
I 
I 
I 
I 
" 
I-56. 7-
, 
ms 
Drop 
fall 
I 
I 
I 
I 
I 
I 
I 
I 
I 
-
-1_ 
16.7 
ms 
-· 
2 sec 
• 
,, 
Time 
--
Figure 1-3. Format of the applied-potential and current 
measurement in normal pulse polarography~ 
t Differential pulse mode 
current 
16.7 
ms 
lr 
measured Drop time __ _ 
~56.7 :-d ms 16 • ms Drop fall 
Time 
Pulse 
amplitude 
Figure 1-4. Format of the applied potential and current 
measurement in differential pulse polarography. 
16 
current will be effectively reduced, although it will not 
be eliminated completely and hence a slightly sloping 
baseline is observed. The current is larger than in DC 
polarography because the material at the electro~e surface 
has not been depleted by reaction in the early part of 
the drop life as is the case in classical DC polaro-
graphy. The increase has been calculated by Parry and 
Osteryoung ( 9 ) and is about 5 to 7 times that of the DC 
polarography. The current at the diffusion plateau in 
normal pulse polarography is· derived from the Cottrell 
equation 
i = 462 n Dl/2 C m2/3 t2/3 tm-1/2 
NPP 
where: iNPP = limiting current (pA) 
tm = time interval between pulse application 
and measurement of the current (s) 
The other variables are as given in the Ilk9vic equation. 
Differential pulse polarography . 
Differential pulse polarography is the most widely 
used form of pulse polarography. In DPP, a continuous slow 
DC scan is used as in classical polarography. On this slow 
voltage scan is superimposed series of vel tage pulses, 
~z._ 
themselvES of constant magnitude rather than of increasing 
magnitude as in normal pulse polarography (Figure l-4). 
The current is sampled twice, once just prior to the appli-
cation of the pulse and once at the end of the pulse, the 
17 
difference between these is recorded as the output. In the 
differential pulse mode of~AR 174A (the polarograph which 
has been used throughout this present work), the voltage 
pulse is 57 ms in length and current sampling i~ averaged 
both over the 16.7 ms just before the pulse and the final 
16.7 ms of that pulse. The difference between these two 
averaged samples serves as the recorded current. The height 
of the pulses IS constant and 15 usually selected to be 
betl•een 5 and 100 m V. For small pulse amplitudes, the 
DPP current increases roughly linearly with the pulse 
amplitude and therefore an increase in the pulse amplitude 
gives better sensitivity. However large pulse amplitudes 
are not useful because they increase the width of the 
peak, decreasing the resolution which is undesirable. 
In practice maximum sensitivity is usually obtained for 
pulse amplitudes in the range 50 to 100 mV. 
The relationship between the peak current in DPP 
and iNPP for a reversible electron transfer case is given 
by the equation: 
where: iD PP 
iN PP 
~ 
E 
The 
= 
= 
= 
peak 
= iN PP !i"- l 
v+ 1 
current ()lA) 
limiting current 
exp' p F [- t.E J 
R T 2 
in NPP ()lA) 
= pulse amplitude (mV) 
other variables are as given previously. 
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The relationship between the peak potential and the 
half-wave potential is: 
The ratio (u- 1)/ ( cr- + 1) depends only on the pulse 
amplitude and on the number of electrons transfered during 
the electrochemical reaction. This ratio is always less 
than one, therefore the value of iDPP is always smaller 
than that of iNPP" However the detection limit in DPP is 
lower than in NPP. This is because the technique has the 
advantage of reducing the capacitance current more effec-
tively than NPP and obtaining the current-potential curve 
in the form of a peak which makes the current measurement 
much easier especially for a low concentration of electro-
active species. 
Voltammetric technigues 
Theapparatus used in classical voltammetry is iden-
tical to that used in classical polarography and the techni-
que is similar with the exceptions that the potential scan 
rate is much more rapid, generally lying in the range 
5 tO 500 mV s-l and that the electrodes employed are usually 
solids rather liquid mercury. A number of electrode materials 
have been proposed for voltammetry and have been reviewed 
by Adams (lO). The solid electrodes. most often used in 
voltammetry can be divided into three types; (a) mercury 
type electrodes; (b) noble metal electrodes and (c) carbon 
19 
graphite based electrodes. 
(a). Mercury type electrodes 
Two types of mercury electrodes have gaineo increasing 
importance for voltammetric determinations. They are similar 
to solid electrodes and their configurations are quite diffe-
rent from the DME. The first one is the so-called hanging 
mercury drop electrode developed in 1953 byGerischer ( 1ll. 
The second was developed at almost the same time by Marple et al.( 12 ) 
and is the mercury thin film mercury electrode. This is 
made by plating a thin film of mercury on a solid, pre-
ferably carbon based electrode as their surface can be 
very flat and smooth and does not interact with mercury 
to form an amalgam as is the case with metallic electrodes 
113). Both these electrodes have been applied in the deter-
mination of metal ions. 
(b). Noble metal electrodes 
The platinum electrode is the most widely used. It 
has a large oxygen overpotential but a negligible hydrogen 
overpotential. Its use is complicated generally by surface 
oxide effects and by the adsorption of hydrogen. 
The gold electrode has a larger hydrogen overpotential 
which makes it more suitable for cathodic studies. It is 
also subject to surface oxide effects similar to the 
platinum electrode. In halide or cyanide solution, its 
positive potential range is very limited as it forms stable 
20 
com~lexes({4), It has one practical disadvantage which is 
the difficulty in sealing metallic gold to glass. 
(c). Carbon graphite based electrodes 
The carbon based electrode is the third type of 
electrode and is becoming very popular especially in the 
oxidation of organic componds and as solid electrodes in 
electrochemical detectors in flowing systems. This type of 
electrode includes the carbon rod electrode; wax-impregnated 
graphite electrode; pyrolytic graphite electrode; carbon 
paste electrode; glassy carbon electrode (the electrode 
which has been used throughout thiswork); epoxy-based 
graphite electrode; carbon fibre electrode and the reti-
culated vitreous carbon electrode. 
Lord and Rogers ( 16 -lS) were the first to notice 
the importance of the carbon rod electrode in voltammetry. 
They compared it with the platinum and gold electrodes and 
recommended .it as it offered a rapid means of obtaining a 
fresh surface, Gaylor and eo-workers (17- 18 ) have noticed 
that its use is limited by poor sensitivity as a result 
of the presence of high background current. They investi-
gated the use of this electrode when impregnated with wax 
and some other agents and found that opal, ceresin and 
caster waxes were the most valuable impregnating agents in 
term of decreasing the residual current. Elving and Smith 
( 19) have noticed the importance of pretreating the surface 
of the electrode with a wetting agent, such as a 0.003 % 
21 
solution of Triton X-100, on the reproducibility of the 
signal. This type of electrode has a usable potential range 
of + 1.20 V to - 1.20 V versus SCE in both neutral and 
acidic media. 
Pyrolytic graphite electrodes prepared at high tempe-
rature by decomposing carbon-containing gases in an inert 
atmosphere were introduced by Miller and Zittel (20 land 
Beilby et al. ( 2ll. They are suitable for a potential 
range of + 1.00 to - 0.80 V versus SCE in acidic chloride 
or nitrate media. 
The carbon paste electrode is made by mixing powdered 
graphite with an organic liquid immiscible in water, such 
as Nujol or bromoform. The paste is then packed in a de-
pression in the holder and a platinum or a copper wire 
in the bottom of that depression makes the electrical con-
(22) . 
tact • This has the advantage of being able to renew 
the surface very easily by just removing a thin layer from 
the tip of the electrode and replacing it by new material. 
The carbon paste electrode has a wide range of anodic and 
cathn.dic---t.n>es, extending from + 1.10 to - 1. 20 V versus 
SCE. Owing to an extremely low residual current, the entire 
anodic range is available for study. In the cathodic range 
a small residual wave due to oxygen reduction is almost 
always obtained and is very difficult to remove even after 
long periodSof deoxygenation. 
Yamad~!. and Sa to in 1962 ( 23) prepared a new gas 
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.... 
impermeable carbon electrode by pyrolysing phenolic resins 
\called the glassy carbon electrode} A full review was made 
by Van der Linden et al. (24). This glassy carbon electrode 
has interesting physical properties; it exibits a much 
lower oxidation rate at elevated temperatures, suggesting 
a greater inertness to chemical attack than the other types 
of carbon electrodes. This property, together with the very 
small pore size, has made glassy carbon an attractive 
material for the preparation of inert electrodes. 
Glassy carbon rods for constructing electrodes are 
formed by means of a carefully controlled heating programme 
of a premodelled polymeric (phenol-formaldehyde) resin 
body in an inert atmosphere. At temperatures above 300•c, 
a carbonization process in which oxygen and nitrogen are 
removed, must proceed very slowly to ensure that the gaseous 
products can diffuse to the surface. Fast heating at this 
stage may lead to high pressures inside the material re-
sulting in cracks, blisters and distortion. In the tempe-
rature range between 500'C and 1200'C, hydrogen is gradually 
eliminated and only carbon is left. The carbonization 
process- is accompa)\ie". by a shrinkage of about 50%. Jenkins 
and Kawa~ura( 25 ) have made extensive studies on the final 
structure of glassy carbon. They have concluded from their 
studies that glassy carbon is made from aromatic ribbon 
molecules which are randomly orientated and are tangled 
in a complicated manner. Laser and Ariel ( 26 ) have studied 
the behaviour of glassy carbon electrodes on anodic and 
subsequent reduction in acidic medium. They concluded that 
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the overall process in anodic polarization is the result 
of three process~s: formation of a redox couple caused by 
chemical adsorption of oxygen, irreversible redox reactions 
of existing surface groups and at sufficiently positive 
potentials, evolution of oxygen, Possible surface groups 
formed on the oxidation are suggested to be carbonyl groups 
that subsequently can be reduced to hydroxyl groups at 
more negative electrode potentials. Also the possibility 
of the formation of a quinone-hydroquinone couple, as 
found on oxidized /reduced pyrolytic graphite ( 2?) cannot 
be excluded. 
Glassy carbon electrodes were applied for the first 
time in electroanalytical chemistry by Zittel and Miller 
<28 l. They showed that the usable potential range extends 
to positive values comparable to thos& of platinum. The 
range depends to some extent on the decomposition of 
the solution. In contrast to platinum, the glassy carbon 
electrode can be used in the cathodic range even in acidic 
solution. Monien et al. (29) have made a comparative study 
of various carbonaceous electrodes such as the wax-impre-
gnated graphite electrode, wax-impregnated carbon, carbon 
paste, pyrolytic graphite and glassy carbon electrodes. 
They concluded thatthelast two electrodes have the lar~est 
0 
available potential span. Dieker et al. (30) found that 
with the application of normal pulse and differential pulse 
voltammetry much larger residual currents are observed due 
to chemical transformations of the surface. In that respect 
the carbon paste electrode was found to be preferable to 
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the glassy carbon electrode or the platinum electrode. 
Glassy carbon has a very low porosity, but depending on 
the quality of the glassy carbon, microscopic pitting 
can be observed at the polished surface. These cavities 
are due to excessively fast heating during the carboni-
zation process so that gases formed have too little time 
to diffuse to the surface. The more careful the heating 
procedure is, the fewer the cavities formed and the 
better the electrode will function. In addition the elec-
trodes have to be abraded with emery paper of increasing 
fineness followed by polishing with alumina. 
Pungor et al. ( 3l) have described the construction 
and use of silicon-rubber based graphite electrodes and 
found them suitable in the potential range -0.5 to + 1.5 V 
versus SCE. 
Mascini et al. ( 32 ) have reported the use of a poly-
ethylene graphite electrode and found it comparable with 
the glassy carbon electrode and the pyrolytic graphite 
electrode. 
Wang (33)has reviewed the use of epoxy-based graphite 
electrodes. These electrodes suffer from a large and irre-
producible background current which limits their applica-
tion.• Very recently, Henriques and Fogg (34 ) described a 
new epoxy-based graphite electrode based on a new curing 
technique. 40% hydrofluoric acid was used as a hardener 
and they found that their electrode was as good as any 
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commercially available well polished glassy carbon 
electrodes in terms of low background and that it had 
the advantage that it could be produced on surfaces 
having a variety of shapes and sizes by just coating 
the paste on their surfaces (35) 
Carbon fibre and reticulated vitreous carbon are 
two electrodes which have appeared recently. Th~ first 
of these electiodes is usually formed by the high tempe-
rature pyrolysis of polymeric materials such as poly-
acrylonitrile while plastically stretching the polymeric 
carbon material ( 36 ). The structure of these fibres appear 
to be similar to that of glassy carbon electrodes. The 
use of this type of electrode is still very limited. 
Recently Dayton ~t al. (3?) have discussed the advantage 
of this microelectrode compared with the conventional 
sized electrode. The reticulated vitreous electrode is an 
an open pore material, with a honey-comb structure. The 
material 
its main 
is similar to glassy carbon. Wang has reviewed 
characteristics (3S). This electrode has been 
applied in various applications in both static and flowing 
systems {39-43) 
Single sweep voltammetry 
.Nicholson and Shain (44) have given a comprehensive 
treatment of single sweep voltammetry for simple systems 
and those with various chemical reactions coupled to rever-
sible and irreversible charge transfers. The theoretical 
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aspects and analytical applications 
books by Bard and Faulkner (4 5 ) and 
are review~d in two 
Bond ( 5) 
Due to the rapid scanning of the·potential in linear 
sweep voltammetry, the shape of the current-voltage curve 
is in the form of a peak. This peak occurs because the 
diffusion process is too slow to supply electroactive ma-
terial to the electrode at a rate sufficient to ~eep up 
with the rapidly increasing pote~tial. Randles ( 46 ) and 
Sevick ( 4?) independently were the first to solve the 
diffusion problem to a planar electrode for a reversible 
reaction. The peak current is given by the following 
equation: 
where i = peak current ()lA) p 
n = number of electrons involved in the electrode 
process 
the 2 A = area of electrode (cm ) 
D diffusion coefficient (cm 2 s-1) = 
c = concentration of the electroactive species 
in the bulk of the solution (mmole 1-1) 
v = scanning rate of the potential (V s-1 ). 
The peak current is proportional to the concentration 
of the electroactive species and to the size of the elec-
trode in terms of surface area. The current depends on the 
diffusion coefficient, the number of transferred electrons 
and the new parameter introduced iti linear sweep voltammetry, 
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the scan rate potential. 
Matsuda and Ayabe ( 48 ) studied the relationships 
involved in peak voltammetry for reversible, quasi-
reversible and irreversible systems. For reversible syste~ 
the peak potential is related to the half-wave potential 
by the equation: 
Ep = E~ - 0.029 
- n 
(at 25 •c) 
where: Ep= peak potential (V) 
E~= half-wave potential (V) 
The relationship between the peak potential and 
the potential at which the current is one-half the 
peak value (Ep/2 ), at 25 •c, is given by the following 
equation: 
(V) 
The corresponding equations for irreversible systems 
is given by: 
and 
Ep - Ep/2 = 0~~48 
a 
(volts) 
where: ~ = electron transfer coeficient 
na = number of electrons involved in the rate 
determining step. 
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The current is usually lower for an irreversible 
than for a reversible electrode process. The peak is less 
,sharp and the whole curve is more drawn out as na decreases. 
These situations are frequently met in organic oxidations. 
One of the main differences between a reversibleand irre-
versible process is that Ep and Ep/2 of the latter process 
vary with the potential scan rate. This variation is 
about 0.03~n volts per ten fold change in the potential 
a 
scan rate. 
Cyclic voltammetry 
Cyclic voltammetry is an extention of linear sweep 
voltammetry. It is usually performed by varying the poten-
tial of the working electrode linearly with time until 
a switching potential is reached. At that time the direc-
tion of potential sweep is reversed and the potential 
is reversed to the initial value. This technique was intro-
duced by Sevick (4?). It provides qualitative information 
about the steps in a redox reaction. The characteristic 
peaks are caused by the formation of a depletion layer iri 
the solution near the electrode. The difference between 
anodic and cathodic peaks for a reversible system is 
0.058/n volts. For a quasi-reversible system, the sepa-
ration of E values is much greater, the voltammograms are p 
more drawn out and the peaks are more rounded. For an 
irreversible system, a complete separation of anodic 
) 
and cathodic peak potentials is observed. 
Cyclic voltammetry is a very useful technique for 
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studying charge transfer rate ( 49) and for investigating 
the overall processes which may occur in a complex elec-
trode reaction (44) 
Hydrodynamic voltammetry 
Hydrodynamic voltammetry is the voltammetric tech-
nique where the mass transfer to the electrode surface 
oc~urs by forced convection rather than solely by diffusion. 
This is generally achieved by moving the electrode through 
the solution or by letting the sample solution flow past 
a stationary electrode which works as an electrochemical 
detector. The movement of the electrode is usually achieved 
by rotating or to a lesser extent by vibrating the electrode. 
Common electrodes used in this technique are the rotating 
platinum micro electrode; rotating disc electrode and 
rotating ring-disc electrode. This technique is widely 
used for the theoretical studies of diffusion current. 
The application of this technique is discussed by Laitinen 
and Kolthoff ( 50) and also Frumkin et al. (5l-52 l. 
The use of hydrodynamic voltammetry and more speci-
fically hydrodynamic amperometry in continuously flowing 
solutions hQ~ seen a remarkable increase in interest largely 
due to the wide spread use of electrochemical detectors 
in hi~h performance liquid chromatography and flow injection 
analysis (see chapter 2). Tubular, planar, wall-jet and 
rotating disc configurations comprise the main types of 
electrodes used in continuous monitoring voltammetry. The 
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principle of current distribution and mass transport in 
flowing stream have been studied by Levich ( 53 ) and reviewed 
by Newman <54 l. More recently Pungor et al. ( 551 have 
published a comprehensive review on the theory and practical 
applications of this technique. The sensitivity"of hydro-
dynamic voltammetry is impressive if compared to classical 
voltammetry and it is often superior to small amplitude 
pulse techniques. 
Surface contamination 
The use of solid electrodes has introduced new 
problems which are relatively unknown with the DME. As the 
surface of solid electrodes is not continuously renewed, 
film formation, adsorption of reactant on the electrode 
and accumulation of electrode products may occur at the 
electrode surface which makes the reproducibility of the 
signal very poor. Cleaning of the electrode surface is 
generally required especially when working with organic 
compounds. Although there is not any universal method 
for cleaning, washing the electrode surface with ethanol 
or chloroform or wiping the surface carefully with a wet 
tissue are very common methods. Fogg and eo-workers have 
found that cleaning the electrode using nitric acid 
followed by chloroform was very successful in obtaining 
reproducible results when analysing some phenolic analge-
sics (5G) and food colour (5?) compounds. 
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CHAPTER 2 
Flow Injection Amperornetry 
Introduction 
It is now over ten years since the term flow 
injection analysis was used, for the first time, by 
Ruzicka and Hansen(lJ to describe a new analytical 
technique in which a sample volume is injected into a 
continuously moving, non-segmented carrier stream, 
propelled by a peristaltic pump. The sample, a well 
defined zone, is dispersed in the carrier stream while 
been transported towards a detector: The carrier stream 
may contain a reagent and may be merged with other 
reagent streams. The reaction product is detected by 
a flow through detector and the output signal is recorded. 
Although there had been several examples of con-
tinuous flow analysis using non-segmented carrier streams 
prior to 1975 ( 2-ll), it was not until the enthusiastic 
advocacy of this method by Ruzicka and Hansen and the 
simultaneous development of an 
injection analysis by Stewart 
automated multiple flow 
(11 - 2) 
and eo-workers -l that 
a real challenge was made to the existing idea, intro-
duced in 1957 by Skeggs (l 3 ) that air-segmentation was 
necessary to limit sample dispersion; to promote mixing 
of the sample with reagents by generating a turbulent flow; 
to prevent carry over from one sample to another. However, 
it was readily demonstrated that carry over was not a 
problem and furthermore that the dispersion could be 
36 
controlled easily. There was no need to ensure complete 
mixfng of sample and reagent, to produce the maximum 
concentration of the product, as the extent of mixing is 
reproducible due to the use of a precise injection valve 
and a constant flow rate. Flow injection analysis (FIA) 
has been reviewed in detail in a book by Ruzicka and 
Hansen (l4) and more recently by Ruzicka and Hansen (l5) 
Karlberg (l 6 ) and !1oeller (l?). 
• 
A simple flow injection analysis 
(a) suitable pump 
(b) injection valve 
(c) reaction delay coil 
(d) flow through detector 
D--D-r 
r 
Injection 
Carrier 
stream 
Pump 
valve 
Delay 
coil 
system consists 
cell 
r----Waste 
r 
Detector 
Figure 2-1. Schematic representation of a 
typical flow injection system. 
of: 
The reproducibility of the residence time of the sample 
inside the delay coil is essential because the signal is no 
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longer read on the flat part of the response curve but 
on the peak. Therefore a good pump which can maintain 
constant flow rate is required. Peristaltic pumps and 
pressurized gas are the two most widely used means of 
. 
propelling the carrier stream in flow injection analysis. 
The first has the advantage of accommodating several 
channels while the second has the advantage of generating 
an absolutely pulse free flow, which is also free from 
interfering electrical disturbances. In early studies, 
the sample was introduced by injection through a septum, 
but is now more commonly injected by means of a rotary 
valve system, similar to that used in high performance 
liquid chromatagraphy. The aim of this introduction is 
to place a well defined sample zone into the carrier 
stream without disturbing its movement. The amount of 
sample, although it does not need to be accurately known, 
has to be injected with great precision, so that the volume 
and length of the sample zone at the point of injection 
is reproducible. The reaction delay coils are usually 
made from a narrow bore Teflon tubing. These play ~n impor-
tant role in controlling the degree of dispersion and the 
residence time of the sample inside the system. 
Many detectors have been used in FIA. These detectors 
fall into two groups: (1) Optical detectors which include 
those for spectrophotometry, fluorescence, chemiluminiscence, 
atomic absorption and flame photometry; (2) Electrochemical 
detectors which include those for potentiometry, ampere-
metry and voltammetry. The use of the amperometric and 
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voltammetric detectors will be discussed later. 
The basic difference between these methods of detection 
is that in the first group, the signal recorded reflects 
the composition of the bulk of the solution, whereas in 
the second group, the trarisport of the electroactive species 
towards an electroactive surface is relied upon. 
The dispersion of the sample zone is generally 
controlled to suit.the requirements of the method chosen, 
for a particular analysis. The overall dispersion, in a 
straight tube, is brought about by both longitudinal and 
radial disperion,. The dispersed sample zone broadens as it 
moves down stream and changes its original assymetric 
shape to a more symmetric and eventually Gaussian form. 
Coiling of the tubing introduces a secondary flow pattern 
in the liquid, due to centripetal forces (l 8 ). These forces 
cause the circulation of the liquid from the walls of the 
tube to its centre. The extent of the effect, which reduces 
peak width by making the peaks more symmetrical, depends 
upon the flow rate being more significant at higher flow 
rates. The degree of dispersion of the sample zone depends 
on the tube dimensions (i.e. the length and radius), the 
flow rate, the sample volume injected and the molecular 
diffusion coefficient of the species concerned. The degree 
of dispersion increases with (a) increasing flow rate, (b) 
increasing tube radius, (c) increasing tube length, (d) de-
creasing volume of sample injected and (e) increasing coiling 
radius. 
By controlling the dispersion of the sample during its 
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passage through the system towards the detector, the 
c·onsumption of the reagent is minimised. 
Flow injection amperometry 
The use of amperometric detectors in FIA has 
increased in recent years. These detectors have gained 
popularity because they are sensitive, their response 
is generally rapid and they can be applied to a relati-
vely broad range of inorganic and organic substances. 
The measurement usually has good precision, even at very 
low concentrations of electroactive substances. 
The theoretical and practical aspects of ampere-
metric detectors used in flow through systems have been 
discussed by Pungor et al. (l 9 ). The measuring technique 
in flow injection amperometry involves monitoring the 
I il tl limitin~ current at a constant electrode potential. This ~~ 
technique has a number of advantages when used in flowing 
systems if compared to the linear sweep voltammetric 
technique when used in static systems. These advantages 
are as follows: 
I. The current is increased due to the increase of the 
mass transport to the electrode, the diffusion layer 
being thinner in flowing stream 
2. The background is reduced, because at constant poten-
• 
tial no current is needed to charge the double layer 
and the oxidation states of the functional groups in 
the carbon and graphite type electrod~are in equili-
brium. 
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Kissinger ( 2 0) has listed several electrochemical 
high performance liquid chromatographic detectors that 
could be adapted for flow injection analysis. In general 
any well-constructed high performance liquid chromatography 
detector is usually suitable for FIA and its behaviour is 
often similar in both techniques. Due to the popularity of 
amperometric detectors amongst the electrochemical detector, 
commonly used, especially in high performance liquid chro-
matography, many workers do not distinguish between the 
term amperometric, voltammetric or polarographic and electro-
chemical detectors. The construction of amperometric 
detectors has been discussed by Stulik and Pacakova ( 2!); 
Lankelma and Poppe ( 22 ) and Fleet and Little ( 23 ). Recently 
reviews of electrochemical detection in flowing systems 
have been published by Hanekamp et al ( 2 4); Rucki ( 2 5) and 
Brunt ( 26 l. Burmicz ( 2 ?) has listed and compared commer-
cially avai~able electrochemical sensors. 
The measuring cell in a flowing system is usually 
constructed in such a way that its dead volume is as small 
as possible.with hydrodynamic conditions permitting the 
highest sensitivity and reproducibi±y of measurement and 
the lowest possible impedance between the electrodes, Increa-
sing the detector dead volume results in dilution of the 
sample bolus causing unwanted band broadening and peak 
. 
reduction. Three-electrode measuring system is commonly 
used to suppress the effect of the ohmic drop. 
Three types of flow cells each with different hydro-
dynamic conditions have been used as amperometric detectors 
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in flowing systems. These are tubular, wall-jet and 
thin layer flow cells. 
The detector cell configuration which has been used 
throughout this project is the wall-jet. In this configu-
ration, the carrier stream enters the flow cell via a 
nozzle and impinges normally on the working electrode 
surface. The hydrodynamic of flow from a jet of fluid 
that spreads out radially over a plane surface (the fluid 
o~tside the jet being at rest) has been described by 
Glauert ( 28 ). Yamada and Matasuda ( 2 9) derived the following 
expression for the limiting diffusion current at a wall-
jet disc electrode in hydrodynamic voltammetric terms: 
where: 
I = 1. 60 K n C F D;q'3 v3'4 .lJ-51. 2 d-1/ 2 r3/ 4 
I = limiting current (pA) 
K = constant 
.[Equation] 
II-1 
F = faraday constant (96486 coulombs per equivalent gram) 
D = diffusion coefficient of the electroactive 
species (cm2 sec-1 ) 
C = bulk concentration of electroactive species 
(mmole cm- 3 ) 
n = number of electrons involved in the electrode 
reaction 
V = volume flow rate (ml sec- 1 ) 
» = kinematic viscosity (stoke) 
d = diameter of the circular nozzle (mm) 
r = radius of the disc electrode (mm) 
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One practical advantage of the wall-jet configuration 
is the effect of the flow jet on flushing the electrode 
surface; which helps to wash away reaction products adsorbed 
on it. 
Non-stationary measuring techniques ( such as 
normal and differential pulse voltammetry) have been used 
in flowing system~in an attempt to (1) improve the sen-
sitivity and (2} suppress the adsorption of substances 
on the electrode leading to the electrode passivation. So 
far the results have been rather ambiguous. 
With the exception of a single paper ( 30), authors ( 3l-
35) have all found that square-wave, normal and differential 
pulse measurements do not improve the sensitivity of the 
measurements and that the detection limit is usually 
higher than that obtained using constant electrode poten-
tial. Furthermore, it has been reported ( 3l,3 6-3 8 )that the 
background current and noise are higher in normal and differential 
pulse measurements than in DC method. However there are 
two advantages of some non-stationary methods that can be 
considered to be unambiguous. The first is a decrease in 
the adsorption of substances on the electrode (34,3 7-39) 
However this effect is not general and is not always encoun-
tered. The other is an improvement in selectivity compared 
with DC measurement of square-wave ( 32 • 3 4) and differential 
puls; (3B-4l) but not normal pulse voltammetry ( 37 ) The 
impro~ement in the selectivity depends on the choice of the 
pulse amplitude, which must be a compromise with respect 
43 
to the signal to noise ratio and the selectivity, as the 
selectivity improves with decreasing amplitude while 
both the signal and the noise decrease ( 3 9) 
Review of the analytical application of flow 
injection amperornetry 
Flow injection analysis with arnperornetric detection 
_provides the analyst with the combination of the simplicity 
and versatility of a flow injection system and the sensi-
tivity and the selectivity of the electrochemical measu-
rements. Although it was not until 1978, that the first 
paper dealing with amperometric detector appeared, the 
number of publications now runs to over 30 papers and is 
increasing continuously due to the possibility of using 
th~ technique in: 
1. The analysis of electroactive samples. 
(a). The solution injected is the electroactive test 
solution. 
2. The analysis of electroinactive samples. 
(a). The solution injected is an electroina.ctive 
test solution. The carrier stream contains the electro-
active material which may react with the sample 
solution. 
(b). The solution injected is an electroinactive solution. 
The carrier stream contains an electrochemically 
inactive material which may react with the test 
solution resulting in an electroactive reaction 
product. 
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3. The analysis of a moving electroinactive solution, 
(a). The moving solution is the test solution. The 
solution injected is an electroactive reagent 
which may react with the test solution. 
(b). The moving solution is the test solution. The 
solution injected is ~n electroinactive reagent 
which may react with the electroinactive test 
solution resulting in an electroactive reaction 
product. 
Many workers have been involved in flow injection 
amperometry and it appears that each group of workers has 
adopted a particular electrode for their applications. 
Fogg and eo-workers are the major group to apply this 
technique for the determination of a large number of 
species. They used first a Metrohm EA 1069/2 electro-
chemical detector and later a laboratory~made detector 
cell, both having the wall-jet configuration together with 
a glassy carbon electrode. They determined the phenolic 
analgesic meptazinol at a concentration range 0.01 to 
10 pg/ml with 10 pl sample injection (42 ). Due to the 
high concentration of ethanol in the carrier stream (98%), 
they placed the reference electrode after the detector 
electrode to avoid blockage of the detector cell and hence 
drift in the potential. They compared the behaviour of 
carbon paste and glassy carbon electrodes in flow injection 
amperometry in the determination of some synthetic food 
colours in the range 0.1 to 100 ppm (43). They found that 
while the first electrode gave higher sensitivity, the 
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glassy carbon gave better precision at intermediate and 
low concentrations. Using a glassy carbon electrode, they 
determined phosphate directly at a concentration range 
1 x 10- 6 - 1 x 10- 4 M by injecting it in an eluent con-
taining 2% ammonium molybdate in acidic solution and 
indirectly at a concentration level of 10~ 7 and 10-6 M by 
injecting the heteropolyacid preformed in acidic media. 
Silicate, arsenate and germanate were also determined 
indirectly but with varied success (4 4-45). Determination 
of nitrite has been reported by inje~tion o~nitrite sample 
directly into an eluent of acidic bromide solution and 
the reduction current of the nitrosylbromide produced 
inside the delay coil was measured at a glassy carbon 
electrode held at +0.300 volts versus SCE (4 6 l. This method 
has been used to determine some aromatic amines at a con-
centration level of 10- 8 - 10-4 M and nitrate at 10- 6- 10-4 M, 
by determining the excess of nitrite which had remained 
after the diazotization of the amine (47 l, and nitrate 
by determining the·nitrite produced by reduction of the 
nitrate using an amalgamated cadmium column or on-line 
using a cadmium wire ( 48 l. An on-line bromination method 
has been described for determining phenol, aspirin, 
aniline and isoniazid at concentration of 1 - 14 x 10-6 M 
The method used is based on injecting an acidified solution 
of p~enol or any oftheother compounds studied into a 
bromate/bromide solution. The difference of the bromine 
signal before and after the bromination or the oxidation of 
these compounds wasmeasured at a glassy carbon electrode 
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held at + 0.400 volts versus SCE ( 49 l. Recently hypo-
chlori t.e and hypobromite "ere determined as bromine at 
a concentration of 0.08 - 2 x 10- 3 M. Ammonia and hydra-
zine "ere also determined by reactin~ them with hypo-
bromite in a phosphate buffer solution and the excess of 
hypobromite "as detected as before(50l. Ivaska and 
Ryan(5l) have described a new detector cell based on the 
wall-jet configuration with a glassy carbon electrode. 
They used both DC and normal pulse voltammetry for their 
determination of paracetamol and concluded that DC was 
more sensitive, but normal pulse gave more reproducible 
results especially at high concentrations. Wang et al. (52 ) 
described an electrochemical flow detector cell based 
on a jet of solution directed at a thin porous carbon 
electrode. They claimed that their detector exhibited 
better sensitivity and lower detection limit than the wall-
jet disc detector. They determined dopamine and ferro-
cyanide at the nanomolar level using a sample loop of 
.0.325 ml. Strohl and Curran ( 5J) used a reticulated 
vitreous carbon flow-through electrode in a flow injection 
system and applied it to the reduction of ferricyanide 
and the oxidation of ascorbic acid, epinepmine and 1-dopa 
(1-dihydroxy phenylalanine). The detection limits were 
in the range of a few tenths of a nanogram and the linear 
working range covered about a thousand fold concentration 
range. Blaedel and Wang ( 54) have described the use of 
two thin layer carbon graphite electrodes in a pulse 
flow detector using a flow injection analysis system. They 
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applied this to the determination of ascorbic acid and 
dopamine down to the nanomolar concentration level. Lown, 
Koile and Johnson ( 55 • 56 ) studied the use of a platinum 
wire electrode in the determination of As(III) and iodide 
by flow injection voltammetry. They observed that at a 
potential higher than+ 0.60 volts, the growth rate of the 
oxide film on the platinum electrode in acidic media 
increases with the result that the current decreases at a 
w -5 rate of 0.7- per hour for concentration of 8.2 x 10 M 
As(III) using a potential of 1.00 volts versus SCE. Pratt 
and Johnson(5 7 ) used a vibrating platinum wire electrode 
for amperometric detecbon in FIA. A concentration of 
5 x 10~ 10 M of iodide was detected with a linear dynamic 
concentration range extending to over 6.3 decades. Scott 
et al. used a triple pulse potential wave form at a plati-
num electrode in a flow injection system to maintain a 
uniform electrode activity. They determined simple alcohols 
at a concentration of 0.17 to 2.4 x 10-3 mol 1-1 ('8), 
and carbohydrates a~ a concentration of 0.10 to 1 mM using 
a 250 pl injection loop ( 59 l. Morrison et al. ( 60) have 
used a tubular nickel oxide electrode to determine ethanol 
at a concentration range of 0.005 - 4 
sample loop. Later Ben Hui and Huber 
~ 
-1 
mmol l 
( 6l) used 
using a 30 pl 
the same type 
of detector cell to determine propyl or butylamine; isopropyl-
amine ~nd glycine 
Of 10-5 - -2 10 M; 
respectively at the concentration ranges 
10- 3 - 10-1 M and 5 x 10- 6 - 10- 3 M. 
Alexander et al.( 62 ) determined copper, cadmium and zinc usinga 
copper amalgamated electrode in a flow injection system 
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by injecting these into an ammoniacal buffer eluent. In 
order to reduce the concentration of oxygen, deoxygenation 
and addition of sodium sulphite were made for both sample 
and eluent. Their detection limit was 2-3 ng. 
Mercury based electrodes were the first to be used 
in flow injection amperometry but their use was limited 
mainly due to the presence of the oxygen and the noise 
level. Eggli et al. ( 63 ) used a mercury pool electrode to 
determine cystine. In their flow injection system, the 
mercury pool electrode was adjusted so that it projected 
0.2 to 0.3 mm into the liquid path. They reduced cystine 
to cysteine by passing it through an amalgamated silver 
grains column electrode which is held at -1.10 volts 
versus SCE l the mercury electrode was held at -0.47 volts 
versus SCE. They were able to determine cystine in the 
concentration range 8.5 ng to 1.4 ~g. Baltensperger et 
al. (64) have used a renewable station~r, mercury elec-
trode to determine 1,4-benzoquinone in the concentration. 
range 0.5 ng to 260 ng with a coefficient of variation of 
(65) 0.4% at a concentration of 102 ng. Maitoza and Johnson 
described the use of reverse pulse amperometry in flow 
injection analysis to monitor the presence of an electro-
active metal in a fluid stream using a static or hanging 
mercury electrode, without the need of deoxygenation. That 
technique was based on the application of an unsymmetrical 
square-wave with a large negative potential for the depo-
sition of the metal ion, followed by a positive potential 
pulse for anodic stripping of that metal. The analytical 
49 
signal was measured during the stripping process at a 
potential where dissolved oxygen is not reduced. The 
estimated detection limit was 13 ng (0.06 ppm) for the 
static mercury electrode and 2 ng for the hanging mercury 
drop electrode. Person et al. ( 66 ) used Di1E and hariging 
mercury electrode in flow injection amperometry for the 
determination ofisosorbidedinitrate in the concentration 
range 0.05 - l mM using a 43 pl injection loop. To avoid 
deoxygenation they added 0.1 l1 of sodium sulphite to the 
eluent which also contained 0.025 M of sodium tetraborate. 
Lyle and Soleh ( 67 ) used stainless steel tubing in their 
flow injection system to reduce the concentration of 
oxygen after deoxygenation as Teflon tubes are permeable 
to oxygen. They determined nitrophenol and nitrobenzene 
at a concentration range 41 ng - 25 pg and 27 ng - 20 pg 
respectively and copper and zinc at 0.3 ng and 1.6 ng-
16 pg respectively.· Penicilloic acid at a concentration of 
2 x 10 - 6 - 1 x 10-4 M content in penicillin preparations 
was determined usi~g a dropping mercury electrode held 
( 68) 
at 0.04 volts versus SCE in a flow injection system 
Deoxygenation was made unnecessary by adding 0.05 % Triton 
X-100 which displaced the oxygen wave by 400 mV in borate 
buffer. Very recently, Fogg et al. ( 69 )described a new 
sessile mercury drop electrode which was inserted in a 
laboratory-made detector cell having the wall-jet confi-
guration, They used that detector cell in the determination 
of synthetic food colouring. Their limit of detection in 
neutral or slightly alkaline media, where sodium sulphite 
n I 
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was added, was 0.1 ppm and in acidic media was around 
1 ppm using a 120 pl injection loop. 
• 
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CHAPTER 3 
Introduction to Phenolic Antioxidants 
Introduction 
Antioxidants, may be defined as substances capable 
of slowing the rate of oxidation in autoxidizable materials. 
The term auto u~~d here is indicative of a self-propagating 
process. Antioxidants are important in the protection of 
fats, oils, lipid containing foods, cosmetics, soaps, phar-
maceutical products and many other products. The choice of 
an antioxidant for a given purpose is governed by the re-
quirements of the system and the characteristics of the 
antioxidant available. Desirable features of an antioxidant 
include the following: it must be effective at low concen-
trations; non-toxic; conveniently and safely handled; low 
in cost and it must not impart undesirable characteristics 
to the system in which it is to be used. Antioxidants have 
been reviewed and discussed extensively by Scott (l) and 
Stuckey ( 2 ) 
Oxidation, particularly atmospheric oxidation, is 
the major problem in the spoilage of fats and fatty-like 
substances. These substances undergo oxidative deteriora-
tion which results in off-flavours, off- odours, and in 
. 
extreme cases, toxic by-products have resulted from oxidative 
reaction (3 ). Fat breaking falls into three general 
categories: 
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1. Rancidity, autoxidation of fatty acids at 
the double bond leading to offensive off-
odours. 
2. Hydrolysis, splitting of the fatty acid or 
acids from the glyceryl backbone leading to 
soapy flavours. 
3. Polymerization, cross linking of unsaturated 
fats between two carbon atoms or by an oxygen 
bonding between two fatty acid chains at an 
unsaturated site. 
Antioxidants are effective in reducing rancidity and 
to a less extent polymerization but are not useful in hydro-
lysis. Phenolic antioxidants are particularly important in 
food and cosmetic products. From these antioxidants, butyla-
ted hydroxyanisole (BHA}; butylated hydroxytoluene (BHT}; 
propyl gallate (PG) and hydroquinone (H2Q), are very 
commonly used. The hydroquinone is used mainly in cosmetic 
products. 
Functionin_g_ of antioxidant 
The path of lipid autoxidation, as well as the resulting 
end products, depends to a large extent upon the conditions 
of the oxidation, i.e. temperature; catalyst; fatty acids-
type;.the distribution and geometry of the double bonds and 
the amount of oxygen available. Farmer and his colleagues (4) 
have derived the present views on the reaction between oxygen 
and the double bond of a fatty acid. The major reaction 
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involves the h~droperoxidation of the methylene group 
adjacent (~) to the double bond. The reaction occurs by 
a free radical chain process and can be st~ted simply as 
follo1-1s: 
Initiation: production of R. or Roo· 
Propagation: R. + 02 Ro· 2 
Ro· 2 + RH R. + ROOH 
Termination: R. + R. RR 
RO;Z.+ R. R0 2R 
Ro· 2 + Ro· 2 R0 2R + 02 
where RH represents an olefin with H r~presenting an 
pi..- methylenic hydrogen atom. 
\{hile the explanation of the process of radical 
formation is still unclear, there is general agreement 
that the second important step involves free radical 
reactions as outlined above. The immediate result of 
these free radical reactions is the formation of unstable 
hydroperoxides which are responsible for the undesirable 
effects of autoxidation. The reactions which form Roo· 
. and ROOH tend to be self perpetuating and are the propa-
gating steps of autoxidation. The result of the hydroperoxide 
breakdown is the formation of aldehydes, ketones, alcohols 
and hydrocarbons which impart unpleasant flavours and 
odours to rancid oils. 
Antioxidants react with the free radicals to form 
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inert products. The mechanism of the reaction of antioxi-
dant varies depending on the substrate and the surrounding 
conditions. Shelton ( 5 ) has grouped these mechanisms into 
four categories. 
1. Hydrogendonation by the antioxidant. 
2. Electron donation by the antioxidant. 
3. Addition reaction to the antioxidant. 
4. Form~tion of lipid-antioxidant complex. 
Stuckey (b) believes that the electron or hydrogen 
donation is a primary reaction and the formation of a 
loose complex between the antioxidant and the fat chain 
is a secondary reaction. Bolland and Ten Have (?-B) studied 
the effect of hydroquinone on the oxidation of ethyl lino-
leate and found that the reaction occurs in two stages 
involving the intermediate formation of a semiquinone (HQ) 
radical, i.e.: 
RO. + 2 
HQ. + 
H2Q--+ROOH +HQ" 
BQ" Q + H2Q 
where Q represents the quinone. 
Numerous investigators (9-ll) have studied the reaction 
of ring substituted phenols by which these antioxidants may 
participate to inhibit chain reactions. These may be 
depi~ted as follows: 
B - 2 (II)--•dimer 
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R2._,r(_RJ 
c - (url + o2 -- •0~0 
. R3 R1 
D - (III) + R1 00 R2 .... Feo R'OO~R3 
Ring substitution with alkyl groups, such as tertiary 
butyl groups, as is the case with BHA and BHT, reduced the 
antioxidant activity of the molecule probably because of 
steric hindrance. These groups, however, stabilize the 
molecule against outside reaction and make them less vola-
tile, more oil soluble and most important more acceptable 
from the toxicological point of view. For these reasons, 
most of~ood antioxidants in use today are substituted 
phenols. 
Antioxidant regulations in Food 
Antioxidants are closely regulated in most countries 
which p~rmit their use. The Antioxidant in Food Regulations 
1978 were made under the Food and Drugs act 1955 which 
was amended later in 1980 to control the sale, consignment, 
delivery or importation of antioxidants for use as ingre-
dients in the preparation of food and food containing anti-
oxidant substances in England and Wales. The principal 
provisions of the present regulations are: 
1- Definitions of permitted antioxidants and 
diluents. 
2- List of permitted antioxidants (see table 3-1) 
with their specific and general purity 
criteria. 
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Table 3-1: Permitted antioxidants. 
Name of antioxidant 
L-ascorbic acid 
Sodium 1-ascorbate 
Calcium L-ascorbate 
6-0-Palmitoyl-L-ascorbic 
acid 
Extracts of natural or~g~n 
rich in tocopherols 
Synthetic alpha-tocopherol 
Synthetic gamma-tocopherol 
Synthetic delta-tocopherol 
Propyl gallate 
Octyl gallate 
Dodecyl gallate 
Butylated hydroxyanisole* 
+ Butylated hydroxytoluene 
Ethoxyquin 
Serial number 
E 300 
E 301 
E 302 
E 304 
E 306 
E 307 
E 308 
E 309 
E 310 
E3ll 
E 312 
E 320 
E 321 
* 3-tert-butyl-4-hydroxyanisole containing not more 
than 0.5 per centum of 2-tert-butyl-4-hydroxyanisole. 
+ 2,6-ditert-butyl-p-cresol. 
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3- List of permitted diluents for antioxidants 
with their general purity criteria. 
4- List of antioxidants permitted in certain 
foods the permitted amount in which they 
may be present. 
5- List of labelling requirements for food 
containing permitted antioxidants and 
diluents. 
6- Prohibition of the sale and advertisement· 
for sale of any non-permitted antioxidant 
as an ingredient in food. 
Some common commercial mixtures of antioxidants are 
shown in table 3-2. 
Analytical review 
Food and cosmetic manufacturers are faced with the 
problem that some antioxidants may be lost during processing 
and storage; there.fore it is necessary to have reliable 
analytical methods available to check that the final anti-
oxidant content of any product is at an effective level, 
but does not exceed the appropriate legal regulations. In 
general the maximum permitted level of antioxidant in fat 
or o~l is 200 ppm. Antioxidant analysis has been reviewed 
by several authors (l 2-l 6 ). Emphasis in this review will 
be placed on the separation, identification and determi-
nation of four phenolic antioxidants namely propyl gallate, 
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Table 3-2: Common commercial mixtures of antioxidants. 
Hixture 
BHA 
BHT. 
BHT 
BHA + BHT 
BHA + Citric 
acid 
BHA + Citric 
acid 
BHA + Citric 
acid 
BHA + PG + 
citric acid 
BHA + PG + 
citric acid 
BHT + citric 
acid 
PG + citric 
acid 
Trade Name(s) 
Eastman tenox BHA 
Eastman Tenox BHT 
Shell I onol 
Embanox 2 
Embanox 4 
Antrancine 75A 
Antra.ncine 75B 
Embanox 3 and 6 
Antrancine 40ch. 
Ant ox 
Antrancine 150 
Suppliers 
Eastman ChElffi't· 
cal, 
Products Jhc. 
Shell. 
~lay and 
Baker Ltd. 
May and 
Baker Ltd. 
Naarden. 
Naarden. 
May and 
Baker Ltd. 
Naarden. 
Naarden. 
Naarden. 
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butylated hydroxyanisole, 
hydroquinone. 
Separation techniques 
b~ylated hydroxytoluene and 
Extraction is the most widely applied separation 
technique. Stuckey and Osborne (l 5) have subdivided the 
procedure according to its application to fats, high-fat 
foods and low-fat foods. For high-fat foods the initial 
step is to isolate the fat and antioxidants together, 
then to extract the antioxidants from the fat. For low-fat 
foods, direct solvent extraction of antioxidants may be 
applied. 
PG has been extracted from a fat solution in petroleum 
ether, hexane or heptane by water ( 1?) or aqueous ammonium 
acetate (1 S) 
Acetonitrile and alcohol are the two solvents most 
widely used for extracting most food antioxidants from fat. 
Generally the fat containing antioxidant is dissolved in 
petroleum ether or hexane (l 9 l. Aczel et al. ( 20) have used 
acetonitrile to extract BHT directly from lard. A freezing 
step following the extraction was made to remove the concomi-
tant fat by precipitation. The use of aqueous ethanol or 
methanol for the extraction of antioxidants directly from a 
solution of fat in petroleum ether, hexane, carbon tetra-
chloride or cyclohexane has been prefered by many groups 
(21-22 ) as it eliminates the extraction of fat,thus 
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minimizing the interference problems which may occur during 
their determination. One disadvantage of the use of aqueous 
alcoholic extraction is that when concentrating the extract 
by evaporation, losses of BHT and BHA by volatilization may 
occur. Ter Heide ( 23 ) has recommended the use of vacuum 
evaporation at low temperature as a way of reducing the loss 
of antioxidants. Mahon and Chapman (1 B) have observed that 
below 72% aqueous ethanol interfering tocopherols are exclu-
ded but recoveries of dodecyl gallate, cetyl gallate, BHA 
and paricularly BHT are likely to be incomplete. Increasing 
the proportion of ethanol to 95%,recoveries may be improved. 
Endean and Bielby ( 24 ) have indicated that treatment of fat 
with anhydrous methanol at 40~ effectively extracts all the 
important food antioxidants except ascorbyl palmitate. After 
cooling, most of the surplus fat may be removed by filtration. 
A further extraction with acetonitrile was necessary to 
isolate ascorbyl palmitate. Vigneron and Spicht (25 ) have 
used a sequential.solvent extraction scheme for mixtures of 
gallates and BHA in fat. The fat solvent was dissolved in 
hexane and extracted several times each with 1% ammonium 
acetate, 32% aqueous acetonitrile and 48% aqueous aceto-
nitrile to isolate propyl gallate, cetyl gallate and dode-
cyl gallate respectively. Because a little of BHA may have 
been extracted along with the dodecyl gallate, they used a 
secon? aliquot of fat to estimate the BHA. The second 
sample was also dissolved in hexane and all the gallates 
were first removed by repeated extraction with 30% ammonia 
solution until the characteristic pink colour was no longer 
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obtained. BHA was -then isolated by three or four extractions 
into 72% aqueous alcohol. Phipps ( 26 ) has studied the 
extraction of BHT from fat using the partition behaviour of 
BHT between n-heptane and the four polar solvents: dimethyl 
sulphoxide (DMSO); N,N-dimethyl formamidL(DMF); acetonitrile 
and 80% aqueous methanol. He found that the number of 
equilibrations Hith equal volumes of solvent necessary to 
extract 99.9% BHT from n-heptane were 4, 6, 10 for DMF, 
DMSO and acetonitrile respectively and that DMF and aceto-
nitrile extracted more background material than DMSO. He 
concluded that DMSO, despite its high boiling point, 
necessitate~ back extraction of the antioxidant into a 
low boiling-point solvent before concentration, was the 
most suitable extracting solvent. The back extraction was 
made by mixing the combined DMSO extracts with water and 
2M NaCl and the antioxidant was extracted into petroleum 
ether. 
(27) . Anglin et al. . have developed a steam extraction 
method for the separation of BHA and BHT. This technique 
was adapted for various uses by Filipic and Ogg (28 ) and 
Sloman et al. ( 29 ) and they claimed that a recovery of 
93 and 95% was achieved for BHT and BHA respectively. In 
this method, BHA and BHT are vapourized by steam from 
a heated fat-water mixture and carried along with the steam 
to a cold water condenser. Salts are usually added to the 
distillation flask in order to increase the temperature of 
the steam and retain some water in the flask to prevent 
formation of acroleine, which,may interfere with the 
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determination of antioxidants. BHA and BHT are completely 
separated from gallates and all other antioxidants which 
are either destroyed by heat or not steam distilled; 
Direct extraction of BHA and BHT from low-fat foods 
by petroleum ether, diethyl ether or carbon disulphide 
prior to determination by gas liquid chromatography (GLC) 
has been used by several authors. In this method, the 
foodstuff is normally ground, packed into a column and 
eluted with aliquots of the selected solvent. Anderson 
and Nelson (30) have used diethyl ether to extract BHT and 
BHA from c~real, and reported antioxidant recoveries of 
95% ± 5%. Later Schwecke and Nelson (3 1 ) have employed the 
same method for the extraction of these two antioxidants 
from potato granules and recovered over 95% of the 
antioxidants. 
Chromatographic separations have also been used to 
separate antioxidants from fat samples or as an additional 
step after extraction and distillation, prior to their 
determination. Silicic acid and alumina columns have been 
used to separate various phenolic antioxidants from food 
products (13 ). Endean et al. (24 ) have found that Florisil 
containing 4% water is the most suitable adsorbent for the 
isolation of BHT from fat. Melchert ( 32 ) has indicated that 
BHA !Mld BHT can be completely separated from,each other and 
vegetable oil by lipophilic gel chromatography on sephadex 
LH20. Takeshita et al. ( 33 ) have claimed to be able to se-
parate antioxidant mixtures into two groups and eliminate 
68 
interfering products. In their method, an aliquot of crude 
antioxidant extract from lard, olive oil and other material 
was subjected to column chromatography on polyamide and 
silica gel in sequence, both eluted with benzene. This 
resulted in elution of BHA and BHT and retention of gallates 
and impurities. A second aliquot was subjected to chroma-
tography on polyamide and eluted with ethyl acetate/methanol 
(4:1) to separate gallates from BHA, BHT and impurities 
which are retained on the column. Lehmann and Moran (j4) 
demonstrated that if an antioxidant extract of food was 
applied to a column of polyamide in 70% aqueous methanol, 
ascorbyl palmitate, BHA, BHT and tocopherol were not re-
tained but eluted immediately whereas gallates were adsorbed 
and could be washed with water and 70% methanol and then 
eluted in methanolic sodium hydroxide solution. 
Identification 
The identification of antioxidants is usually made 
using a rapid screening test, paper chromatography or thin 
layer chromatography. 
Rapid screening tests have been reviewed by Chatt (l2 ) 
and Jonas (35). Most of these tests are not very specific 
and could be applied generally to a large number of subs-
tance:. However, gallates can be identified by the pink 
colour formed with ammonia or by the violet colour formed 
with ferrous ions in an alcoholic solution buffered with 
ammonium acetate or sodium acetate. Propyl gallate can alsobe 
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identified by the pink colour with HI0 3 and the red colour 
with Sr(OH) 2 in a methanolic extract (
36 ). BHA may be 
identified by th,e blue indophenol colour produced with 
I 
the Gibbs reagent (37) or by the purple red colour produced 
I 
with Ehrlichs reagent (aqueous diazobenzene sulphonic acid) 
and sodium hydroxide ( 3B) BHT is generally identified by 
its reaction with dianisidine and nitrous acid 
which gives a pink colour ( 22 ). Hydroquinone has been iden-
tified by the blue colour resulting from its reaction with 
solid NaCN or syr p Na 2Si0 5 solution (39), by the liberation 
of ammonia when added to hexa-amine-cobalt(III) perchlorate 
(40) or by the formation of a crystalline precipitate with 
sodium meta-periodate, in methanolic solution (4l) 
Paper and thin layer chromatography have been employed 
as alternative qualitative methods to the colour tests for 
antioxidants. The use of normal phase and reverse phase 
paper chromatographic methods have been reported (16 •23, 
42 ,43). Their current uses are very limited, mainly because 
of the long development time of three to nine hours required 
to achieve sample separation (44). Thin layer chromate-
graphic methods are more commonly used as they are quicker 
and more sensitive, particularly when used in conjunction 
with suitable detecting reagents. Copius-Peereboon (4S) 
has reviewed the use of thin layer chromatography (TLC) 
• technique in the analysis of antioxidants. The use of 
activated silica gel layers seems to be the best for sepa-
rating the most common antioxidants. Lemieszek-Chodorowska 
et al. (46 ) have detected and identified phenolic 
70 
antioxidants in edible fats and oils using TLC. They used 
silica gel which had been activated at 105~ for one hour 
and elutad with CHC1 3 -anhydrou~ acetic acid (17:3) for the 
separation of the gal1ates and nordihydroguaiaretic acid 
or with CHC1 3 for separating BHA and BHT. These antioxidants 
were identified by spraying the chromatograms with 1% AgN0 3 
solution in 25% aqueous ammonia and heating at 7o•c to 
so•c for 20 minutes. Kiss et al. (4 7) have used this method 
for the identification of several antioxidants in cosmetic 
products. Endean et al. ( 24) have indicated that a satis-
factory separation of most of the permitted antioxidants 
in foods can be achieved on high resolution silica gel 
plates, activated at 130°C for one hour and eluted with 
petroleum ether/hexane (4:1). They tried various detection 
reagents and found that ferric/ferricyanide and Gibbs • 
reagent were the most useful. 
Quantitative analysis 
Spectrophotometric methods 
UV and IR spectroscopic methods 
All phenolic antioxidants exhibit absorption in the 
ultra violet (UV) and infra red (IR) regions of the spectrum. 
Several groups have used these characteristics in. the 
determination of antioxidants after being extracted from 
oils or fats by a suitable solvent. . (~) Hansen et al. have 
described a method for the determination of BHA at a concen-
tration of 0 - 100 ppm. The absorption measurements 
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were made at 270, 290 and 310 nm. BHT did however interfere 
with the determination. Vigneron and Spicht ( 25 ) have deter-
mined BHA and PG using UV spectroscopy. Kas~yka (49) has 
used IR spectroscopy to detect and 
in lard. Rolea and Tatam (50) have 
determine propyl gallate 
determined BHT after 
extraction with toluene or ethanol in the concentration 
ranges 0.2 to 1.5'% and 0.002 to 0.02 %respectively using 
IR and UV spectroscopy. Whetsel et al. have determined a 
mixture of antioxidants at the concentration of 10 ppm by 
measuring the absorption at several wavelengths and cal-
culating the proportion of each antioxidant by the use of 
simultaneous equations (5l) 
Colorimetric methods 
Most of the colour reactions used as rapid screening 
test have by a careful control of experimental conditions, 
been adapted for quantitative analysis. These methods have 
generally been used to determine antioxidants in the con-
centration range of 1 to 50 ppm •. Colorimetric methods 
commonly used are: 
Mi tchel1's method 
This method was first described by Mitchell (52 ). It 
involves reacting polyphenols with ferrous tartrate to form 
a coloured complex. Mahon and Chapman (18) have studied the 
analysi9 of gallates. In their method they extracted the 
propyl gallate from a solution of fat in petroleum ether 
by shaking it with aqueous ammonium acetate and reacting 
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the extract with ferrous tartrate. The coloured solution, 
probably a chelate of the iron and gallate radical, was 
measured at 540 nm. Vos et al. ( 1?) have observ~d that 
the intensity of the colour is dependent on the ammonium 
acetate concentration, which is not easily controlled as 
ammonium acetate is hydroscopicJand recommended water for 
the extraction of propyl gallate followed by the addition 
of sodium acetate for pH adjustment. 
Emmerie-Engels' method 
This method was originally used by Emmerie and Engels 
(53) for the determination of tocopherols. Mahon et al. ( 1B) 
have applied this method in the analysis of phenolic anti-
oxidants. The method is based on the reduction of ferric 
chloride / 2,2 1 -dipyridyl reagent in aqueous alcoholic 
solution by antioxidants, to form a red ferrous-dipyridyl 
complex. The reduction of the reagent with BHT is slow, 
maximum colour development is obtained after 16 hours or 
overnight, while for BHA it is obtained after 30 minutes. 
Anglin et al. ( 27 ) have determined BHA and BHT in admixture 
by taking the reading after 30 minutes for BHA and again 
after 16 hours for total antioxidants concentration. BHT 
was calculated by difference. However this method suffers 
from one disadvantage which is its sensitivity to light. 
The~fore the reagent is usually freshly prepared in subdued 
light, the reaction is carried out in dark glassware and 
the measurement of absorbance is carried out, as rapidly 
as possible, in subdued light. 
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Gibbs' method 
This method, which is specific for BHA among the 
phenolic antioxidants, makes use of 2,6-dichloroquinone-
4-chloroimide to form a stable blue indophenol having 
a maximum absorption at 620 nm. Mahon et al. (54) have 
investigated the specificity of this reaction. They exa-
mined the reaction of hydroquinone; gum guaiacum; propyl 
. I 
gallate and ~-tocopherol with Gibbs reagent. Only gum 
guaiacum gave a maximum absorptionclose to that of BHA. 
This method is discussed more in detail in chapter 7. 
Szalkowski-Garber 1 s method 
This method has been developed by Szalkowski and 
Garber ( 55) for the determination of BHT. It is based on 
the formation of an orange red chromogen when reacting 
BHT with dianisidine and nitrous acid. The coloured complex 
is usually extracted into chloroform prior to the measure-
ment of absorbance· at 520 nm. This method is carried out 
in dark glassware as the coloured complex fades rapidly 
in light (lbl. This reaction is not entirely specific for 
BHT. PG reacts with dianisidine to give a coloured complex 
with absorption maximum at 505 nm. BHA produced pale yellow 
colou~ 
Diazotization method 
Laszlo and Dugan ( 56 ) have developed a quantitative 
method to determine BHA. This method is based on the 
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I , 
diazotization of BHA withEhrlichs reagent(diazobenzene 
sulphonic acid) in the presence of sodium hydroxide to 
give a characteristic red-purple colour. They noted that 
other antioxidants also produced coloured reaction products 
I 
with Ehrlichs reagent, but did not interfere with BHA 
determination. The gallates gave a rapidly fading colour, 
and BHT gave a salmon pink colour, but its production was 
slow under the reaction condition~for BHA. 
Nitrosation method 
Johnson (57 ) has used a nitrosation reaction to 
determine BHA. He reacted BHA in oil dissolved in a petro-
leum ether/acetone solvent mixture with sodium nitrite in 
the presence of hydrochloric acid and isolated the coloured 
derivative by extraction into sodium hydroxide. Interfe-
rences due to other oil constituents were eliminated by 
eluting the extract through Florisil in a petroleum 
ether/acetone solvent mixture and then back extracted 
into alkaline solution for measurement of absorbance at 
480 nm. BHT.did not produce a coloured nitroso derivative, 
( ____ but propyl gallategave a red colour. In order to eliminate 
the interference due to the propyl gallate, he extracted 
the oil with water first. 
Other colorimetric methods 
Johnson et al. (5B) have developed a colorimetric 
method to determine hydroquinone which is based on 
oxidising the hydroquinone first to quinone and then 
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treating it with a mixture of diethanolamine and pyridine 
to give a blue colour. The intensity of the colour is 
proprotional to oxidized quinone. Kamata (59) has deter-
mined the hydroquinone by reacting it with 3-methyl benzo-
thiazolin-2-one hydrazone in ammoniacal solution. The 
colour was stabilised with acetone and the extinction was 
measured within 3 minutes at 610 nm. Sakai ( 6D) has 
determined hydroquinone indirectly using the thallium (III) 
xylenol orange complex. He oxidized the hydroquinone with 
an excessof Tl(III) and the excess was determined spectro-
photometrically with xylenol orange at 518 nm. 
Fluorimetric methods 
The luminescence properties of food antioxidants were 
studied by Hurtubise ( 6l) and Latz et al. (~l. They found 
that BHA and PG are strongly fluorescent. Latz et al. ( 62 ) 
have described a fluorimetric method for the determination 
of PG in lard. They used chloroform to quench the flue-
rescence of lard and all other antioxidants present. They 
also determined BHA in lard in the presence of PG and BHT 
by measuring the fluorescence of a sample in 50% ethanol-
ligroin, since in this solvent mixture the fluorescence of 
BHT is low and the emission wavelength of BHA and PG are 
separated by 30 nm. 
Titrimetric methods 
Sedlacek ( 63 - 64 ) has determined PG and BHA using 
complexometric titration methods. PG was precipitated from 
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an aqueous extract of fat with mercuric acetate. The pre-
cipitation was separated by filtration, redissolved and 
complexed with complexon solution. The excess of the 
complexonsolutionwas estimated by back titration against 
zincsulphate in the presence of Eriochrome Black T. The 
determination of BHA was made by refluxing an aqueous 
alcoholic extract fr~m a petroleum ether solution of 
fat containing BHA with silver nitrate, the reduced silver 
was removed by filtration, redissolved and treated with 
Complexon solution. The excess of the Complexon was esti-
mated as in the method for PG. Barakat et al. (~)have 
determined hydroquinone in oils and fat. They dissolved a 
known amount of fat in ethyl ether containing 0.5 to 2 mg 
of hydroquinone and added a saturated solution of NaHC0 3 , 
potassium iodide and starch indicator and titrated with 
N-bromosuccimide. 
Electroanalytical methods 
Potentiometric methods 
Wenger ( 66 ) has determined the concentration of BHA, 
hydroquinone, PG, cetyl gallate and dodecyl gallate in 72% 
ethanol using a potentiometric titration with eerie sulphate. 
He used this method to estimate these phenolic antioxidants 
in arachis oil and soya bean oil. 
Voltammetric methods 
Nash et al. ( 6?) have studied the voltammetric behavioo~ 
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of certain antioxidants at the wax-impregnated graphite 
electrode. Frar.zke et al. (7l) have investigated the use 
of voltammetry in the determination of phenolic antioxi-
dants. They observed that 0.01 to 0.02% total antioxidant 
in fat may be quantitatively determined using their anodic 
oxidation at a rotating graphite electrode. BHT was not 
estimated as it had a very high half-wave potential. 
McBridge and Evans ( 68 ) have used linear sweep voltammetry 
to estimate added antioxidants in vegetable oils contai-
ning tocopherols. They found that propyl gallate could 
be estimated at concentrations exceeding 0.001% and that 
4-tocopherols interfered with the determination of BHA. 
Foyley and Kimmerbe ( 69 ) have applied differential pulse 
voltammetry in the determination of BHT in transformer 
oil. They used a platinum microelectrode to determine 
BHT at a concentration higher than 10 ppm with a coeffi-
cient of variation lower than 5%. Very rec~ntly Wang et 
al. ( 70) have investigated the use of a preconcentration 
step followed by differential pulse voltammetry in the 
determination of BHA. The detection limit was nearly 
2 x 10- 8 M but the calibration graphs of the concentration 
of BHA versus the measured current were not rectilinear 
over the whole concentration range studied. 
Chromatographic methods 
• 
Gas liquid chro•atography has been applied to the 
analysis of antioxidants in cereal (30), potato powders ( 72 ) 
vitamin preparations ( 73) and emulsifiers (74) as well as 
78 
in oils and fats (32 • 75- 76 ) This techniques is suitable 
for the analysis of BHA and BHT as both are readily ~olati- · 
lized. The gallates are usually converted first to vola-
tile derivatives, such as silyl derivatives, prior to their 
determination ( 77- 79). Kato et al.( 8D) have studied the 
gas chromatographic behaviour of thirteen antioxidants as 
trifluoroacetate, methyl ether, trimethyl silylether and 
acetate derivatives. 
Hammond ( 8l) determined BHA, BHT and individual 
gallate esters simultaneously in fats and oils by high 
performance liquid chromatography (HPLC). He used a reverse 
phase column and eluted the antioxidants with a gradient 
solvent of methanol-water. He detected the antioxidants 
spectroscopically at 280 nm. Page ( 82 ) has separated and 
determined nine phenolic antioxidants in oils, lards and 
shortening. In this method, the antioxidants were parti-
tioned from hexane-oil into acetonitrile, concentrated 
under vacuum and determined by reverse phase liquid chroma-
tography at a wavelength~280 nm. He used water-acetonitrile 
with 5% acetic acid as mobile phase. King et al. ( 83 ) have 
employed liquid chromatography with amperometric detec-
tion for determing BHA, BHT and PG in a variety of commer-
ci~cosmetic products. They used and compared carbon paste 
and glassy carbon electrodes and recommended the glassy 
carbon electrode for analysis with a mobile phase containing 
greater than 30 - 50% non-aqueous solvent (alcohol or 
acetonitrile). Frank ( 84) has recommended the use of HPLC 
for determining phenolic antioxidants at trace levels in 
foodstuffs, fats and cosmetic products. 
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CHAPTER 4 
General Instrumentations and Solutions 
Instrumentations 
Model 174A Princeton Applied Research Polarographic 
Analyzer 
The Model l74A Princeton Applied Research (PAR) 
Polarographic Analyzer was used for these studies as it 
provides the following facilities: 
(i) DC Polarography 
(ii) Sampled DC Polarography 
(iii) Normal Pulse Polarography 
(iv) Differential Pulse Polarography 
(v) Various Voltammetric Modes (linear 
sweep, pulse techniques) 
(vi) Phase-sensitive AC P6larography (but 
requires a 174/50 Interface and Lock-
in amplifier) 
The current flowing through the working electrode is 
converted to a voltage which is then amplified and applied 
to the Y axis of an X-Y recorder. The X axis au~ut is 
taken" from a signal derived from the programmer scan rate 
potential generator. In the sampled DC and pulse techniques, 
the current is sampled during the last 16.7 ms of 
the time period, stored in memory and held until the next 
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sample is taken. Four different filter time constants~ 0; 
0.3; 1.0 and 3.0 are available. They are generally used to 
smooth over signal fluctuations. 
A drop timer which is capable of dislodging the 
mercury drop with great precision and minimal perturbation 
of the solution allows polarograms to be run with a variety 
of pre-selected drop times. This. device is generally used 
in combination with the 174A model. 
Ismatec Mini-S Peristaltic Pump 
Ismate.c Mini-S Peristal tic Pump has been employed 
.to propel the elJ.lent in the flow injection system. The 
\ 
barrel has eightrollers. This pump generates amplitude 
' 
pulsing which produces a low level of signal noise at the 
detector. It can accommodate up to three channels, all 
having the same external tube diameter. Different flow 
rates can be achieved either by changing the diameter of 
the pump tubes or by tightening the screw of the clamp on 
the pump tube. 
Pressurized glass bottle 
The pressuri2ed glass bottle is another means of 
propelling the eluent in a flow injection system which has 
been used in these studies. It has the advantage of 
eliminating any pulsation noise but can accommodate only 
one channel. The flow rate may be varied by changing the 
pressure inside the bottle. 
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Rheodyne Injection Valve (type 5020) 
The injection valve used in the flow injection 
system under study is a Rheodyne 5020, a low pressure Teflon 
rotary valve. It is a convenient assembly with easily re-
placeable components. All parts of the valve wh~ch are in 
contact with the eluent are of Teflon construction, the 
remainder is stainless steel and polypropylene. The valve 
has six ports, 2 ports to form the loop, one port for 
injection of the sample, one for excess of injected sample 
and the last two are for the inlet of the eluent and the 
other the outlet of the eluent toward the detector cell. 
Laboratory built detector cell 
The construction of this detector has been described 
very recently by Fogg et al~ (l). The detector cell is 
designed to accommodate a Metrohm glassy carbon electrode 
(EA 286) which is cylindrical and of 7 mm outer diameter. 
Details of the construction of the detector cell made 
from PTFE rod of 2.5 cm diameter are given in Figure 4-1. 
The turning and recessing necessary were carried out before 
the machining of the sides of the cell. The eluent inlet 
block was made as follows. The first 1 cm depth was drill 
threaded (1" x 28 threads per inch U.N.F.) and flat-bottomed 
for cpnvenient butting of a flanged tube. The next 1 cm 
was bored to a 1.3 mm diameter and remaining small depth 
(a mm or so) was drilled with a fine N! 80 drill. The 
depth and width of the X-channel which allows separation 
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Figure 4-1. Details for construction of detector cell: (i) part holding eluent 
entry port and (ii) partholding electrode 
00 
00 
89 
of the eluent exit port and glassy carbon electrod~and 
escape of eluent into the bulk electrolyte was 0.25 mm 
and 2.5 mm respectively. 
Reclaimation of the commercial Metrohm EA~86 glassy 
carbon electrode 
The method used to reclaim glassy carbon electrodes 
(Metrohm EA286) which have been damaged from extensive use, 
is similar to the one described by Henriques and Fogg ( 2 ). 
The damaged glassy carbon electrode was placed in boiling 
water for about 15 minutes to remove the metal contact rod 
from the pl~stic tube. A narrow metal rod was then used 
to remove the glassy carbon cylinder from the plastic tube. 
The end of the metal rod was cleaned with abrasive paper and 
then treated with 5 M nitric acid solution and then acetone. 
Theunpolished side of the glassy carbon cylinder and the 
cylindrical wall were roughened with medium grade abrasive 
paper and the metal rod replaced in the tube. An amount of 
graphite -loaded epoxy resin containing a very small amount 
of ~0% w/w hydrofluoric acid solution was placed in the 
top of the plastic tube, followed by the glassy carbon 
cylinder. The positioning of the metal rod and the amount 
of the epoxy resin were arranged in a such way that 1 mm 
of the glassy carbon cylinder would remain exposed. The 
epoxy resin was allowed to harden partially for one hour 
at room temperature and then for 15 minute~ over a hot plate 
at 50- 60°C. Unloaded epoxy resin which consists of a 
mixture of one drop of 40% w/w hydrofluoric acid solution 
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and 0.5 g of the contents of the adhesive tube of a two~. 
tube Araldite pack, was then applied to the top of the tube 
around the exposed peripherial of the glassy carbon to 
isolate the unwanted part of the glassy carbon from sub-
sequent contact with electrolyte. The unloaded epoxy resin 
was then allowed to harden for about 40 minutes at room 
temperature. The electrode was then suspended in a vapour 
chamber containing 40% w/w hydrofluoric acid solution for 
2 minutes, then removed and held at 50-6o•c over a hot plate 
for a further 20 minutes. Finally the electrode was polished 
with coarse and progressively more fine alumina to a mirror 
face. 
Nitrogen gas 
White spot nitrogen (i.e. oxygen free) supplied by 
British Oxygen Corporation was used for deoxygenation when 
it was required. This nitrogen grade is virtually free of 
oxygen, however to remove final traces, or to act as a 
safeguard, a vanadium (II) scrubbing solution was used. 
Preparation of the scrubbing solution 
Approximately 2 g ammonium meta-vanadate was boiled 
with 25 ml of concentrated hydrochloric acid and this 
solution was diluted to 200 ml and shaken with a few grams 
of heavily amalgamated zinc. This semi-reduced solution 
was then divided between two 250 ml gas scrubbing bottles 
whose inlet tubes where fitted with gas distribution devices, 
either sintered glass frits or multi hole bubble~! .. Each 
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bottle contained ea, 25 g heavily amalgamated zinc to reduce 
V(III) that formed in the presence of oxygen. Prior to use, 
nitrogen was usually bubbled through until the blue coloura-
tion changed to violet. The vanadium solutions tend to loose 
their violet colour and some precipitation may be formed 
after some time. They were easily restored however by 
adding a little hydrochloric acid or small amount of amalga-
mated zinc. The two scrubbing bottles containing V(II) 
solution were used in series with a third containing water 
or 90% methanol/water depending on the analysis being 
investigated. The purpose of the third container is to limit 
carry over of acid fumes or scrubbing solution in the gas 
stream. 
LCA 15 Amperometric detector and LCA 13 wall-jet 
flow cell from EDT Research 
The potentiostat of the LCA 15 system operates in the 
sampled DC mode (sample rate of 5 measurements/second). It 
has three different time const~nts (1;3 and 10 seconds ) 
for electronic dampening. The operating potential can be 
adjusted between - 2.99 and + 2.99 volts and the current 
sensitivity range is 1 nA to 3 pA full scale. The zero 
suppression of the base line is 10 times the selected full-
scale sensitivity. The LCA 13 wall-jet flow cell belonging 
to ttte LCA 15 system is machined from Kel-F. A 5 mm diameter 
glassy carbon disc serves as working electrode, a stainless 
steel auxiliary electrode is situated opposite this elec-
trode and a silver/silver chloride reference electrode is 
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used downstream from the working and auxiliary electrodes. 
Details of the Sessile Mercury Drop Electrode 
The method used to construct the sessile mercury drop 
electrode was similar to the one described by Fogg et al. (l). 
Its construction was as follow~: a length of 6 cm capillary 
tube having 2 mm i.d. and 7 mm o.d. was joined to a length 
of 8 mm o.d. walled tubing. A disc of platinum foil approxi-
mately 4 mm in diameter was lightly tacked on the end of 
capillary tubing sealing the bore. Another length of capillary 
tubing was butt-joined over the platinum disc, care being 
taken to maintain the capillary bore. A U-bend was formed 
with the 8 mm tubing by normal glass blowing techniques. 
The capillary tube was cut-back to approximately 2 mm from 
the platinum disc. In order to make the electrical contact 
with the platinum disc,small pieces of small diameter solder 
were passed down the 8 mm tube and shaken down the capillary 
to the platinum disc. A length of single-strand copper wire 
was inserted into the tube and pushed round the U-bend. 
The solder was then heated until softening occured and the 
wire was pushed down to ensure good connection between 
the copper wire, the hardene~ solder and platinum disc 
respectively. Mercury was placed in the well which is of 
2 mm diameter, whilst the platinum contact was still dry • 
. 
An indication of the amount used in relation to the size 
of the well is shown in Figure 4-2· 
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Figure 4-2~ Sessile mercury drop electrode holder. 
(i) General construction. 
(ii) Details of the well. 
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Circulating heater pump. Grant Instruments Cambridge Ltd. 
A circulating heater pump was used to control the tempe-
rature of the voltammetric cell, with this pump heater it was 
possible to thermostat the temperature between 0- Bo·c!: 0. 5·c 
Solutions 
Britton-Robinson buffer, (0. 04 M) 
To prepare this buffer, dissolve 2.47 g of boric acid 
in 500 ml of distilled water containing 2.3 ml of glacial 
acetic acid, then add 2.7 ml of orthophosphoric acid and 
dilute to one litre with distilled water. 
Sulphuric acid solution, 1 M 
55 ml of concentrated sulphuric acid was diluted to 
one litre with double distilled water. 
Hydrochloric acid solution, r M 
BB ml of concentrated hydrochloric acid was diluted 
to one litre with double distilled water. 
Preparation of 90% v/v methanol:water solution 
To prepare this solution, add 100 ml of doubly 
distilled water to 900 ml of distilled methanol. 
•· 
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CHAPTER 5 
Voltammetric Determination of Some Phenolic 
Antioxidants 
Introduction 
From the 1aerature, two different theories have 
been suggested for the mechanism of the primary electrode 
reaction of phenolic compounds. The first involves the 
loss of one electron to form a phenoxy free radical 
suggested by Hedenberg and Freiser (l) while the other 
theory which is suggested by Gaylor et al. ( 2 •3 ) involves 
the loss of two electrons to give an unspecified intermediate. 
Later Vermillion and Pearl (4) investigated this 
mechanism and claimed that entirely two different anodic 
reactions can be possible with phenolic compounds, The 
first is an electrophil~ attack on the aromatic nucle~s 
of the non-ionized phenol,with the irreversible removal 
of two electrons to give a phenoxonium ion~and the other 
possible electron reaction is the reversible removal of 
one electron from the phenoxide anion to give a phenoxy 
free radical. Their investigation was conducted.on butylated 
hydroxytoluene using a platinum working electrode. Based on 
voltammetric data, they compared the diffusion current of 
BHT (I) with that of hydroquinone, both in acetonitrile 
media, and indicated that two~electron transfer was 
involved. They proposed that the immediate product formed 
during anodic oxidation in acetonitrile was the quinone 
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methide which under goes dimerization and further oxidation. 
C!CHi3 
H - 2e- a{)=cH2 01) CH3 ~ 2W .. 
C(CH~3 ac~3 ((( 3)3 C(CH3l3 (I) y; '\ 2(11) HO H:CH OH 
C(CH3)3 mn ({CH3)3 
When the oxidation was conducted in the presence of methanol, 
Vermillion and Pearl (4) suggested the possibility of two 
different reactions. The first reaction involved a nucleo-
philic attack on the phenoxonium ion to form the 4-substi-
tuted cyclohexa-2,5-dienones (V), the second reaction 
involved the formation of benzyl ether according to the 
following equations: 
1st reaction (I)· o~)rl 
C(CH3)3 
(IV) 
2nd reaction 
(11) + CH:30H 
+Me OH 
- H+ • 
ctHn· Do~~ 
C(CH3)3 
(CH3l3 (V) 
~ '\: CH20CH3 
CICH13 
(V!) 
A more recent study of the anodic oxidation of BHT 
in acetonitrile made by Parker and Rolan (5) has shown that 
(II) is not a primary product. Both coulometry and rotating 
disk electrode voltammetry have shown that 2 electrons are 
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consumed per mole of (I). Product studies indicated that 
the initial product is a cationic species (VII) which reacts 
with any nucleophile present to form (VIII). They confirmed 
their results by employing deuterated reagents which resulted 
in the presence of no deuterium in the 4-methyl group as 
(I) 2e- Nu 
-w 
expected, if the reagent was added across the methylene 
group (II) 
The anodic oxidation of hydroquinone in aqueous acid 
solution results in the formation of quinhydrone in 75% 
yield ( 6 • 7 l. In acetonitrile, the mechanism of the anodic 
oxidation of hydroquinone has still to be confirmed. The 
product of controlled potential electrolysis is benzoqu~ 
Eggins ( 8 ,9) using the technique of rapid scan voltammetry 
suggested that the initial process is a one-electron 
oxidation to form a dimer, either a quinhydrone or a quinone 
hemiacetal. Parker (lO) gave a difierent interpretation, 
based on the effect of adding bases,i.e. 2,6-lutidine or 
water suggested that the anodic oxidation of hydroquinone 
involved two-electron anodic oxidation accompanied by 
protonation equilibria, slow during the time scale of rapid 
sweep voltammetry. More recent studies (ll) employing a 
rotating disk electrode gave convincing evidence that the 
primary process involves a two-electron oxidation. 
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Tha anodic oxidation of p-methoxyphenol has been 
studied by Hawley and Adams (l2 ). They showed by cyclic 
voltammetry on reverse current chronopotentiometry that 
the oxidation of p-methoxyphenol corresponds to a two-
electron oxidation followed by rapid hydrolysis of the 
methoxy functionality to give p-benzoquinone. 
OH 0 0 
-2e 
• 
+. MeOH 
-H 
OMe OMe 0 
The present chapter is concerned with the development 
of vol tammetric procedures for the determination of 
four important phenolic antioxidants: hydroquinone, 
butylated hydroxytoluene, butylated hydroxyanisole and 
propyl gallate in both static and flowing systems. The 
behaviour of the anodic oxidation of these compounds has 
been investigated. Variables affecting the reproducibility 
of the voltammetric method have been examined,and the 
basic information and experimental conditions neccessary 
for the quantitative determination of these compounds by 
linear sweep voltam~etr~and flow injection amperometry 
have been established. 
Experimental 
Apparatus for linear sweep voltammetry 
Voltammograms were obtained using a PAR 174A 
lOO 
polarographic anelyzer (Princeton Applied Research Corp.) 
and recorded using an X-Y Gould HR2000 recorder. The voltamme-
tric cell comprised a working glassy carbon electrode, 
a platinum counter electrode (laboratory built electrode 
having a surface area of 1 cm2 ) and a saturated calomel 
reference electrode. The glassy carbon electrodes used 
were the Metrohm EA 286 having a nominal surface area 
of 0.18 cm2 and the Metrohm 6.0805.010 having a nominal 
2 
surface area of 0.07 cm • 
Apparatus for flow injection amperometry 
The flow of eluent was produced with an Ismatec Mini-S 
Peristaltic Pump. Injections of 100 ~1 were made with a 
Rheodyne (5020) injection valve. The injection valve was 
connected to a laboratory built detector cell, incorporating 
a glassy carbon electrode (Metrohm EA 286), as seen in 
Figure 5-l, by means of a 50 cm length of 0.58 mm bore 
Teflon tubing. The detector cell with the platinum counter 
electrode were partially immersed in an electrolyte similar 
to that of the eluent which consiswof 1 M acetate buffer 
solution in 90% v/v methanol. The saturated calomel reference 
electrode was in contact with the electrolyte by means of 
an ammonium nitrate-agar salt bridge. The potential of the 
glassy carbon electiode was controlled by means of a 
PAR f74A polarographic analyzer. Current peaks were monitored 
on a Gould HR2000 Y-T recorder. Deoxygenation of the eluent 
and the sample was found to be unnecessary. Eluents were 
degassed by means of a vacuum pump. 
Metal contact -
to glassy carbon 
electrode 
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-
Figure 5-l, Laboratory built electrochemical detector cell 
(i) when used with a glassy carbon electrode 
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Reagents 
Butylated hydroxytoluene (BHT) of food grade was 
provided by Shell Chemicals. Butylated hydroxyanisole (BHA) 
and n-propyl gallate (PG) were from BDH Chemicals. Hydro-
quinone, anhydrous sodium acetate and glacial acetic acid 
were of analytical grade. All the other reagen~were of 
SLR grade. Methanol was distilled before use and the 
water was doubly distilled. 
Preparation of the suoporting electrolyte, 1 M acetate 
buffer solution in 90% v/v methanol. 
57.25 ml of glacial acetic acid were added to 850 ml 
of 90% v/v methanol:water. (solution A). 82.2 grams of 
anhydrous sodium acetate were dissolveawith solution A. 
The final solution was made up to 1 lit~e in a calibrated 
flask using 90% v/v methanol:water solution. 
Standard 10-2 M antioxidant solvcion 
0.110 g; 0.220 g; 0.180 g and 0.212 g of H2Q; BHT; BHA 
and PG respectively were dissolved separately in the supporting 
electrolyte. Each of these solutions was diluted to 100 ml 
in a calibrated flask with the supporting electrolyte. These 
standard solutions were prepared daily and stored in the 
refrigerator. Less concentrated standard solutions were 
prepared by dilution with the supporting electrolyte. 
Preparation of 1 M HCl in 90% methanol solution 
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88 ml of hydrochloric acid were diluted to one litre 
with 90' v/v methanol:water solution. 
Standard 10-2 M BHA in 1 M HCl in 90% methanol solution 
0.180 grams of BHA were dissolved in 1 M HCl solution 
in 90% methanol and the solution was made up to lOO ml 
in a calibrated flask with the same solvent. This solution 
was prepared daily and stored in the refrigerator. Further 
dilutions were made using also the same solvent. 
Procedure for the determination of H2g 
-5 -2 Place 35 ml of a 10 - 10 M H2Q in 1 M acetate 
buffer in 90% v/v methanol solution in a voltammetric 
cell. Deoxygenate the solution for 5 minutes. Place a 
clean dry glassy carbon electrode in the deoxygenated 
solution. Close the cell circuit with the initial potential 
. at 0.000 V versus ~CE in the DC mode. Record the DC voltammo-
gram between 0.000 and+ 0.800 V using a potential scan 
rate of 50 mV/s. Measure the peak height current in the 
usual way (from the background current). 
Procedure for the determination of BHT. 
Place 35 ml of a lo-4 - 10- 3 M BHT in 1 M acetate 
buffer in 90% v/v methanol solution in a voltammetric 
cell. Deoxy~enate the solution for 5 minutes. Record the 
DC voltammogram from 0.000 V to + 1.300 V using a scan rate 
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50 mV/s. Measure the current in the usual way. 
Procedure for the determination of BHA 
Place 35 ml of a 10- 5 - 10- 2 H BHA in 1 M HCl in 
90% methanol solution in a voltammetric cell. Deoxygenate 
the solution for 5 minutes and obtairt the DC voltammogram 
from 0.000 to~l.OOO V versus SCE with a potential scan rate 
of 50 mV/s. Measure the peak current in the usual way. 
Procedure for the determination of PG 
5 -2 Place 35 ml of a 10- - 10 M PG in 1 M acetate buffer 
in 90% methanol solution in a voltammetric cell. Deoxygenate 
the solution for 5 minutes with nitrogen gas and obtain 
the DC voltammogram from 0.000 V to + 0.800 V with a scan 
rate of 50 mV/s. Measure the peak current in the usual 
way. 
Procedure for the determination of H2Q, BHT, BHA and 
PG by flow injection amperometry 
Set the detector potential at + 0.800 V for H2Q; 
+ 1.150 V for BHT; + 0.850 V for BHA and + 0.700 V for PG. 
Let the supporting electrolyte which consists of 1 M acetate 
buffer in 90% methanol solution flow for fewminutes at 
5 ml/min. Inject 100 )11 aliquots solution containing 2 x 10- 7-
10-4 M of H2Q or 1 x 10·
6 
- 1 x 10-4 M BHT; or 2 x 10· 7 M -
1 x 10- 4 M BHA; or 2 x 10- 7 M - 1 x 10-4 M of PG. Record 
the oxidation current resulted from each injection using 
a Y-T recorder. 
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Cleaning of the glassy carbon electrode 
The glassy carbon electrode was cleaned between scans 
in the static method by washing with 1 M nitric acid and 
then ethanol with the aid of non-abrasive tissues. In the 
flowing system the cleaning of the electrode was made 
similarly when necessary. Occasionnally the surface of the 
electrode was polished with alumina and ethanol on a 
polishing cloth. 
Results and discussion 
Because of the low solubility of these antioxidants 
in water, an investigation was carried out to choose a 
suitable electrolyte for the present studies. From the 
three alcohols considered: methanol, ethanol and isopropanol, 
methanol was chosen for these four reasons: 
1. The current observed when working with methanol was 
higher than wh·en working with ethanol or isopropanol_, 
probably because it has a lower viscosity which resulted 
in an increase in the mass transfer diffusion of the 
electroactive species. 
2. Methanol is cheaper than ethanol and isopropanol. 
3. Methanol can be easily purified by distillation, 
4. ~ethanol has a higher polarity, which minimizes the 
internal resistance of the voltammetric cell. 
A 1 M acetate buffer in 90% v/v methanol was found 
to be the most satisfactory electrolyte. This electrolyte 
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gave a sufficiently positive potential range to allow 
well-shaped anodic waves of the antioxidants to be clearly 
observed. The high percentage of methanol used probably 
helps to reduce any contamination or adsorption at the 
surface of the electrode and to enhance the solubility of 
the products. The residual current was sufficiently low 
its value was less thecnl.5pAat+ 1.00 volt versus SCE 
using a potential scan rate of 50 mV/s. The solution was 
deoxygenated for 5 minutes before each scan. The third 
container of the purification system of the nitrogen gas 
was filled with lOO ml of 90% v/v methanol. This was used 
to reduce the loss of methanol in the sample during the 
deoxygenation of the latter one. 
Effect of the concentration of the acetate buffer 
The effect of varying the concentration of the acetate 
buffer was studied. Several concentrations ranging from 
0.001 M to 1 M were investigated for the analysis of 
hydroquinone and butylated hydroxytoluene. A decrease in 
the acetate buffer concentration in.the electrolyte resulted 
in a shift of the anodic peak to a more positive potential 
for both antioxidants as shown in Table 5-l and the peak 
became more spread out. These results were predicted due 
to the decrease of the conductivity of the solution which 
resurted in an increase in the resistance of the voltammetric 
cell. 
Effect of methanol concentra'tion on the signal 
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Hydroquinone being soluble in water, a comparative 
study was made using this antioxidant in 4 different elec-
trolytes: 1 M acetate buffer in aqueous solution, in 50%, 
90% and lOO% methanol. The effect of the peak current with 
tha background current obtained using these electrolytes 
are shown in Table 5-2. From this table, one can easily 
notice the decrease of the peak current with the increase 
in concentration of methanol. A similar decrease in the 
background current can also be seen. However, the calculation 
of the peak current/background current ratio which gives a 
better way of understanding the effect of methanol concen-
tration, indicates that the ratio increases with the increase 
in percentage of methanol thus allowing lower concentrations 
to be detected. 
The anodic behaviour of BHT was found to vary with 
the concentration of methanol present in the electrolyte. 
Four different percentages of methanol were investigated: 
50, 70, 90 and 100$; the lowest methanol percentage being 
the limit of the solubility of BHT at the concentration of 
lo- 3 M •. The voltammogram of BHT in 50% methanol (Figure 5-2) 
shows the presence of two peaks. By increasing the methanol 
concentration in the electrolyte the potential of the first 
peak shifted considerably to more positive potential while 
the second peak shifted only slightly (Figure 5-2). When the 
. 
potential scan was reversed from just before the anodic cut-
off, a very small peak was observed. However, when the 
potential scan was reversed from after 100 mV from the first 
peak, a much larger peak was observed. The size of this peak 
decreases with increasing the percentage of methanol in the 
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Table 5-l: Effect of acetate buffer concentration on the 
peak potential. 
Acetate buffer 
concentration/M 
Peak potential/V 
of BHT (l0-3M) 
1 
0.430 
1.190 
0.1 
0. 1,60 
1.220 
o. 01 o. 001 
0. 620 l. 060 
1.340 l. 800 
Table 5-2: Effect of methanol concentration on the peak 
current of H2Q (10- 3 M) and background 
current. 
% of MeOH 0 
Peak current 35.43 
/)lA 
Background/ 0.70 
)lA 
Peak current 50.6 
to oackground 
current ratio 
50 
33.2 5 
0.57 
58.3 
90 lOO 
30.31 28.74 
0.45 
67.3 71.8 
-0. ,. :> 
' 
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+0.80. 
+0.90 (Volts) 
Figure 5-2· Effectofmethano1 concentration on the cyclic vo1tammograms of BHT (1 x 10-J :1). 
Methanol concentration: A, 50% v/v and B, 90% v/v. 
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electrolyte. From these results it seems that the oxidation 
product resulting from the first oxidation process is re-
ducible electrochemically while the oxidation product of the 
second oxidation process is not. The use of a 90% v/v methanol 
solution was found to be the most suitable for the voltamme-
tric determination of BHT as it gave the best shaped peak. 
The use of this methanol concentration in the electrolyte has 
also improved the reproducibility of the current signal in 
the flow injection amperometric method for the determination 
of H2Q, BHT, BHA and PG; it allows more sample injectionS 
to be made before the need to do any cleaning to the glassy 
carbon electrode 
Cyclic voltammetry of H2Q, BHT, BHA and PG in several 
media 
The cyclic voltammetry of H2Q, BHT, BHA and PG have been 
examined in four different media; hydrochloric acid; acetate 
buffer; ammonim buffer and potassium hydroxide solution. 
The peak potential and the quality of the peaks are given in 
Table 5-3. The oxidation process of all these antioxidants in 
these media is irreversible. Reduction peaks were observed 
from the oxidation products of H2Q and BHA. These are probably 
due to the reduction process of the quinone type compounds 
produced from the oxidation of H2Q and BHA.Hydrochloric acid 
media was chosen as the media for the determination of BHA 
because of the better shaped peak. 
Effect of the potential scan rate on the peak current 
Values of the peak current were found to be dependent 
Media 
HCl (1 M) 
Acetate buffer 
(1 M) pH 4.7 
Ammonium buffer 
(0 .1 M) pH 9.4 
KOH 
(0.1 M) 
E p(a) 
(V) 
+.0. 680 
+0. 43 5 
+ 0. 32 5 
+0.260 
" 
" 
Ep (c) 
(V) 
+0.120 
-0.120 
-0.150 
BHT 
Ep(a) 
(V) 
+1. 070 
+1.190 
lf 
lf 
+0.740 
+0.645 
-:~ 
+0.640 
+0.565 
BHA 
E p (c) 
(V) 
-0.045 +0. 725 
+0.530 -0.2 50 +0.375 
+0.470 -0.280 +0.235 
+ 0 .lOO +0.120 
Table 5-3: Cyclic voltammetry of H2Q, BHT, BHA and PG in four different media 
PG 
* 
Ep(a) and Ep(c) are anodic and cathodic peak potentials respectively 
* Sharp peak, useful for analytical purposes. 
+ 0. 92 5 
+ 0. 62 5 
f-' 
f-' 
f-' 
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on the rate at which the potential was applied. Faster 
scan rates resulted in larger values of the peak current (ip) 
The values of i as a function of the square root of the p 
scan rate shows a linear relationship for all the anti-
oxidants; which means that the voltammetric oxidation 
process is essentially diffusion controlled (Table 5-4 and 
Figure 5-3). 
Effect of the potential scan rate on the half peak 
potentials 
A change in the rate of applying the potential 
resulted in a shift of the peak on the potential scale. 
More positive values for Ep/:2 for all the antioxidants were 
obtained with faster polarization rates, as illustrated 
in Table 5-5. The plot of the Ep/2 as a function of the 
logarithmic scan rate for all these antioxidants shows a 
typical exponential increase. This characteristic is one of 
the main criteria for identifying an irreversible process 
in linear sweep voltammetry(Figure 5-4). 
Calibration graphs and reproducibility of signal 
Observation of·the calibration graphs at various 
concentration ranges are summarized in Table 5-6. Tpe anodic 
curr:nt of H2Q, BHA and PG were found to be rectilinear 
5 -2 with concentration in the range 1 x 10- - 1 x 10 M. 
The calibration graph of BHT concentration versus the 
current was linear over the range 1 x 10-4 M - 1 x 10-2 M. 
Lower concentrations of these antioxidants were difficult 
113 
Table 5- ~: Effect of potential scan rate on peak current 
( i ) p for H2 Q, BHT, BHA and PG (1 x 10- 3 M). 
Hf BHT+ * * Potential BHA PG scan rate i~ MA i /}lA i/jlA ip/JlA 
mV/s p 
5 10.62 10.23 7. 28 6.10 
10 14.17 13.77 9.84 8.26 
20 18.89 18.50 13.38 11.22 
50 30.31 28.50 20.66 16.92 
100 40.94 38.18 27.75 23.92 
Table 5-5: Effect of potential scan rate on half peak 
Potential 
scan rate 
mV/s 
5 
10 
20 
50 
potential for 
centration o'f 
0.265 
0.275 
0.290 
0. 310 
H2Q, BHT, BHA 
-3 1 x 10. M. 
1.120 
1.140 
1.155 
1.190 
BHA * 
E /2 (~) 
0.240 
0.250 
0.265 
0.285 
and PG at a con,. 
* PG 
E /2 (~) 
0.665 
0.670 
0.680 
0.695 
+ Study made using a Metrohm EA 286 glassy carbon electrode. 
* Study made using a Metrohm 6.0805.010 glassy carbon 
electrode; 
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Table 5-6: Rectilinearity of the current signal with the 
concentration of H2Q, BHT, BHA and PG. 
Concentration/M 10-5 - 10-4 10-4 - 10-3 10~3 - 10- 2 
H2Q linear linear linear 
BHT linear linear 
BHA linear linear linear 
PG linear linear linear 
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to determine because at lower concentrations than these 
.mentioned the background current becomes unacceptably high. 
Typical linear sweep voltammograns of BHT at the concentra-
tion of 10- 4 - 10-3 M level are shown in Figure 5-5; 
The coefficient of variation of 7 measurements at 
the concentration of l x 10-3 M for all the antioxidants 
was less than 1.5% when the electrode was cleaned after 
each scan. The variation of the potential peak was 
less than 10 mV for BHA, H2Q and PG and 20 mV for BHT. 
Use of a flow injection amperometric system for the 
analysis of BHT, BHA, H2Q and PG. 
The use of flow injection analysis using a glassy 
carbon electrode for the determination of these anti-
oxidants was investigated. A short delay coil of 50 cm 
was used to minimize the dispersion effect on the anti-
oxidant sample. A constant flow rate of eluent of 5 ml/min 
was used. The elue~t used was l M acetate buffer in 90% 
v/v methanol solution. 
To determine the optimum applied potential at the 
glassy carbon electrode in this flow injection system, 
lOO pl aliquots of each antioxidant were injected into 
the solution stream. ·The resulting potential and current 
valu.:.s are shown in Figure 5-6. PotentiaJs of + 0. 800; 
~.150; •0.850 and+0.700 V versus SCE were chosen for H2Q; 
BHT; BHA and PG respectively. The adsorption of these 
antioxidants and their oxidation products on the glassy 
carbon electrode surface was relatively low. Injection 
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5.0 )lA 
0. 5 1.0 
(E) 
(A) 
potential 
(V) 
Figure 5-5. Calibration signals obtained for the determina-
tion of BHT using the recommended procedure. 
Concentration of BHT in solution: A, 0; B. 2.88 
6 -4 C, 4.32; D, 5.7 ; E, 7.2 x 10 M. 
·!'.; 'i 
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~A) 
0.1 
oL---~--~~--~~• 0.2 1.0 Volts 
)lA) 
0.5 
o. 
0 0.2 
.4 
J.O.Volts 
Figure 5-6. Hydrodynamic current-potential curve of 
different antioxidant~ (10- 5 M) in a flowing 
stream of 1 M acetate buffer in 90% v/v methanol 
solution. 
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of up to 50 samples at the 1 x 10- 5 M level could be made 
before doing any cleaning with a coefficient of variation 
of less than 1%. 
Cleaning of the electrode was made as mention~~ 
previously by rinsing it with nitric acid, washing with 
large volumes of water and finally passing a tissue wetted 
with ethanol. 
Calibration graphs of peak current against concentration 
of antioxidant in the injected samples were rectilinear for 
BHT over the range 1 x 10- 6 - 1 x 10- 4 M level and for 
BHA, H2Q and PG over the range 2 x 10-
7 M to 1 x 10-4 M 
level. Fluctuationsin the base line were observed during 
the injection of the sample due to the changes in the 
flow rate during the opening and closing of the injection 
valve. The detection limit was measured as double the size 
of these fluctuat{ons and was 2 x 10- 7 M for BHA, PG and 
H2Q and 8 x 10-
7 M for BHT. Recorder traces of the 
current response of H2Q injected samples over 1.67 
peak 
-6 
X 10 -
-6 7 8.35 x 10 M are shown in Figure 5- • Similarly, cali-
libration signals for the determination of propyl gallate 
using the recommended procedure at the concentration range 
-6 of 2- 10 x 10 M are shown in Figure 5-8. 
Conclusions 
This chapter demonstrated the possible determination 
of four phenolic antioxidants at a glassy carbon electrode 
using linear sweep voltamrnetry or flow injection amperometry. 
Determination of concentrations higher than 10-5 M is 
0.2 pA 
(B) 
(A) AJ, I. 
_ j \ ... 
-- '-·-
(E) 
(E) 
\ 
Figure 5-7. Signals obtained for the determination of H2Q at various concentrations using 
the flow 
c, 3.34; 
100 pl. 
injection amperometric system. 
-6 D, 5.0, E, 6.68; F,8.35 x 10 
H2Q concentration: A, 0; B, 1.67; 
M • Flow rate 5ml/min. Sample injection 
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Figure 5-8. Signals obtained for the determination of PG at various concentrations using 
the flow injection amperometric system. PG concentration: A, 0; B, 2,0; 
c, 6 O; D, 8,0; E, 10 x 10- 6 M. Flow rate 5 ml/min. Sample injection 100 pl. 
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possible by the first method and down to the 2 x 10- 7 M level 
by the second method. The high sensitivity obtained with 
the flow injection system as compared with the static system 
is due to the increase of the mass transfer and to the fact 
that at constant applied potential charging current is 
eliminated. These methods are suitable for quality control 
analysis, being reliable over a large concentration range 
extending in some cases to over four ordersof magnitude and 
rapid especially when using the flow injection method 
which has a sampling rate of 150 per hour with a coefficient 
of variation of less than 1% • 
• 
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CHAPTER 6 
Determination of Some Phenolic Antioxidants 
by an On-Line Bromimetric Method 
Introduction 
Bromine is widely applicable as an oxidizing agent 
or brominating reagent in both inorganic and organic analyses. 
Koppeschaar (l) was the first to use bromination of phenols 
for their determination. The method which was improved by 
Kolthoff and Belcher ( 2 ) consists of the direct or back 
titration of acid solutions of phenols by bromide-bromate, 
the end point being established iodometrically. Ingberman 
(3) used a glacial acetic acid solution of bromine as titrant. 
He used pyridine as a catalyst for determining phenols. 
The path taken by the reaction, the extent to which it goes 
to completion and fbe rate of bromination of phenols and 
their derivatives are strongly dependent on the acidity of 
the solution and the bromine concentration of the solution 
Erichsen and Rudolphi ( 5) divided phenolic compounds 
into three classes. 
a). Phenols which form tribromoderivatives: phenol, 
m-cresol, 3,5-dimethylphenol, 3-methyl-5-ethylphenol, 
3,5-diethylphenol 
(4) 
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b). Phenols which form dibromoderivatives: o-cresol, 
2,3-dimethylphenol and 2,5-dimethylphenol. 
c). Pbenols with undefined bromination processes: 
these are mainly derivatives with alkyl groups in the para 
position such as p-cresol, p-ethylphenol, 2,4-, 3,4- and 
2,6 dimethyl phenol and 2,3,5- and 2,4,5-trimethylphenol. 
The reaction,of this group appears to be very complex and 
oxidation and addition may occur as well as substitution. 
Francis and Hill ( 6 ) made an extensive investigation 
on some disubstituted derivatives of benzene. They observed 
that if a hydroxyl group i• present, all ortho and para 
positions which are available are subs~ituted quantitati-
vely with bromi~e. If the compound has two hydroxyl groups, 
meta compounds should be tribrominated, but in ortho and 
para compounds no bromine should be consumed as is the case 
with hydroquinone which is oxidized to quinone. 
Coppinger and Campbell (?) observed that when the 
reaction between bromine and 2,6-di-t-butyl-p-cresol was 
carried out in methyl alcohol or in a mixture of methyl 
alcohol and water, the only product obtained was a 
compound which possessed an ultraviolet spectrum charac-
teristic of a substituted 2,5-cyclohexadienone, exhibiting 
a maximum at 234 nm, with ~of 10000 in 95% ethyl alcohol 
which would correspond 
0 
0CH13 
CCCH~3 
(IJ) 
CH3 
R 
to the following compound&: 
(!I) a, R = OCH3 
b, R = OCH2CH2CH 3 
c, R = Br 
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They isolated the corresponding propylether (IIb) when 
propyl alcohol was employed as solvent, When the bromina-
ti~n was carried out in a mixture of acetic acid and water 
at room temperature they isolated a compound whose structure 
may be presented by (IIc). This compound did have a maximum 
in the ultraviolet spectrum at 248 nm in isooctane with 
an £.of 14000. The bromocyclohexadienone (IIc) in methyl 
or propyl alcohol undergoes replacement of bromine to form 
the ethers (IIa) or (IIb). Based on these observations, 
Coppinger and Campbell concluded that the reaction between 
2, 6-di-t-but.yl...-p- cresol and bromine consists initially 
of the transfer of a bromonium, (Br +), to the 4-posi tion 
of the phenol with the elimination of the phenolic proton 
to form the bromocyclohexadienone (IIc), 
Chirkryzova and Khomenko (B) developed a potentiometric 
·method for determining small amounts of phenols from 10- 5 M 
to 10-4 M. The drawbacks of this method include the slow 
rate at which the equilibrium potential of the indicator 
electrode is established and its partial poisoning as well 
as the comparatively small potential jump at the equivalence 
point, 
A potentiometric method in which a small direct current 
is applied to the indicator electrode has found limited 
appli~ation~(l4-l 5 l, Polarization of the electrode by a 
small direct current accelerates the rate at which the 
potentials are established during titration and sharply 
increases the potential jump at the equival~~c~point (16) 
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A method has been suggested (l?) for the potentiometric 
titration of phenols with a glacial acetic acid solution 
of bromine in the pres~n~e of pyridine as catalyst and in 
which two polarized electrodes are used for establishing 
the titration end-point. From 5 to 10 mmoles of phenols 
+ 
were determined in 25 ml of solution with an error of - 1 % 
The average time of one titration was 20 minutes. Chikryzova 
et al ( 9 ) have developed a new potentiometric titration 
method for the determination of 5 x 10- 6 to 1 x 10-4 M 
of some phenols (phenol, resorcinol, pyrocatechol, vanilin 
and thymol) with bromide-bromate in which a cathodically 
polarized platinum electrode was used. The coefficient of 
variation of their results varied between 1 and 6 % depending 
on the compound being investigated. 
. (10) Bielenberg and Kuhn have utilized 0.1 N potassium 
bromate-bromide for biamperometric titration to determine 
phenol or one of the three cresols in the range 1 to 4 mg. 
They have reported an average error of about 1.5 %. Van Zyl 
and Murray (ll) have demonstrated that the biamperometric 
titration of phenol or a-cresol gave reproducible results 
in the region of 90 -95 % of the theoretical values. In 
their experiment, they used electrolytically generated 
bromine and concentration of phenol and a-cresol ranges 
from 0.02 to 0.6 mg/1. 
Voltammetric and biamperometric methods of end.point 
indication have been outstanding in practical titrations 
with bromine, commonly with noble metal electrodes as 
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indicator electrodes. However, the active measuring surface 
of a solid indicator electrode can undergo changes during 
voltammetric measurements, especially when an insulating 
layer is formed by an insoluble product of the electrode 
reaction on the active electrode surface. This effect can 
cause serious errors in automatic titrators based on the 
preset end-point principle, because with voltammetric 
detection there is a linear relationship between the 
current and the concentration. 
Nagy et al (l2 ) recently developed a new technique, 
the triangle programmed titration, where they brought 
together the advantage of a flow through technique and a 
titration method. The principle of their technique can be 
described as follows: the sample solution is streamed at 
a constant rate and t·he titrant which is the bromine 
generated by triangular current programmed electrolysis, 
is introduced at a certain point in the flowing stream 
at a constant rate and the excess of the reagent is detected 
by constant voltage voltammetry. Linear calibration plots 
were obtained in concentration ranges of 10-3 M - 10-5 M 
for the following compounds: phenol, p-cresol, ascorbic 
acid, 8-hydroxyquinoline, KCN, Na2s, Na2so3 , Na2s2o3 and 
As 2o3 • 
More recently Fogg et al. (l 3 ) described a new on-
line bromimetric method. The method consisted of producing 
bromine on-line in a flow injection system by injecting an 
acidic solution into a neutral or slightly alkaline bromate-
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bromide eluent and determining it voltammetrically at a 
glassy carbon electrode. Phenol, aspirin, aniline and 
isoniazid were determined by injecting them in acidic 
solution into the same eluent and noting the decrease in 
the bromine signal as an indication of the concentration 
of these .compounds. 
The aim of this chapter is to develop an on-line 
bromimetric method for determining four phenolic anti-
oxidants: BHT; BHA; H2Q and PG. Parameters affecting the 
methods were optimized to suit their determinations. 
Experimental 
Flow of eluent was produced with all Ismatec' Mini-S 
Peristaltic Pump and injections (lOO pl) were made with 
a Rheodyne injection valve (5020). The injection valve 
was connected to a wall-jet Metrohm detector (E 1096), 
fitted with a Metrohm glassy carbon electrode (EA 286) 
by means of a suit~ble length of 0.58 mm bore tubing. 
The detector cell with a platinum counter electrode were 
partially immersed in an electrolyte similar to the eluent 
Electrical contact with a saturated calomel reference 
electrode to the detector cell was made by means of a salt 
bridge. The eluent wasdegassed using a water-tap vacuum 
pump, The potential of the glassy carbon electrode was held 
at + 0.200 V versus SCE using a PAR 174A polarographic 
analyzer (Princeton Applied Research). Current signals were 
monitored on a Tarkan X-600, Y-T recorder. Coefficient of 
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variatiom (3-6 measurements ) were generally less than 
1 % at the recommended concentration levels. 
Reagents 
Standard 10-2 M potassium bromate solution 
0.418 g of potassium bromate (A.R.) were dissolved 
in doubly distilled water and diluted to 250 ml in a 
calibrated flask. More dilute solutions were prepared by 
further dilution with doubly distilled water. 
0.1 M potassium bromide solution 
0.596 g of potassium bromide (A.R.) were dissolved 
in doubly distilled water and diluted to 50 ml in a calibra-
ted flask. 
Preparation of the eluent 
a) -3 -6 5 x 10 M KBr and 5 x 10 M KBro 3 M in 70 % methanol 
5 ml of 0.1 M KBr and 5 ml of 10-3 M KBro 3 were pipetted 
into 290 ml of doubly distilled water. 5 drops of 1 M sodium 
hydroxide solution were added and the solution was made up 
to the mark of a 1 litre calibrated flask with methanol. 
The ~luent wasdegassed before use by means of a water-tap 
vacuum pump. 
b) 5 x 10-3 M KBr and 2. 5 x 10- 5 M Kbr0 3 in 70% methanol 
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5 ml of 0.1 M KBr and 25 ml of 10-3 M KBro 3 were 
pipetted into 270 ml of doubly distilled water. 5 drops 
of 1 M sodium hydroxide solution were added and the solution 
was made up to the mark of a 1 litre calibrated flask with 
methanol. The eluent wasdegassed as mentione~ previously. 
-2 Standard solutions of 10 M of BHT, BHA, H2Q and PG 
0.2202 g of BHT (Shell chemical) ; O.llOOg of H2Q; 
0.1802 g of BHA and 0.2120 g of PG ( all from BDH) we~e 
dissolved separately in methanol and each of these solutions 
were diluted to 100 ml in calibrated flasks. These solutions 
were kept in the refrigerator and used within one day of 
their preparation. More dilute solutions were prepared by 
further dilution with methanol. 
Procedure for the calibration graphs of 10- 6-lo-5 M 
concentration level 
Transfer, into a 50 ml calibrated flask, x ml of 
antioxidant corresponding to 0 to 7 ml of 10-4 M solution 
of BHT or BHA; 0 to 6 ml of 10-4 M H2Q or 0 to 5 ml solution 
of 5 X 10- 5 M PG. Add ( 35 ml - x) ml of methanol, 4.9 ml 
of concentrated hydrochloric acid and dilute to volume 
with doubly distilled water. Inject 100 1-11 of the analyte 
solution-into the bromate-bromide eluent. Use a 4 m 
'delay coil and a flow rate of 3 ml per minute. Record the 
reduction current signal of the bromine at a glassy carbon 
electrode held at + 0.200 V versus SCE. 
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Procedure for the calibration graphs of 10-5 - 10-4 M 
concentration level 
Transfer into a 50 ml calibrated flask, x ml of anti-
oxidant corresponding to 0 - 5 ml of 10-3 M solution of 
0 - 5 ml of 5 x 10-4 M solution of PG. 
Add (35 - x) ml of methanol and 4.9 ml of concentrated 
hydrochloric acid and make up to the mark with doubly 
distilled water. Inject 100 pl of any of these solutions 
into the 2. 5 x 10- 5 M KBro 3 - 5 x 10-
3 M KBr eluent. Use 
a 7 m delay coil and a flow rate of 3 ml/min. 
Record the reduction current signal as before. 
Results and discussion 
Selection of the potential of the glassy carbon electrode 
The potential at which the glassy carbon electrode is 
held was selecte.d in such a way that neither the oxygen 
nor the oxidation of the antioxidants would interfere in 
the measurement of the reduction current of the bromine 
being formed inside the flow injection system. 100 ~1 ali-
quots of a solution of 1 M hydrochloric acid in 70 % methanol 
was injected into an eluent consisting of 5 x 10- 6 M potassium 
bromate and 5 x 10- 3 M potassium bromide in 70 % methanol. 
The reduction current of the bromine was measured at various 
potentials. The values of·the current are shown in Table 6-1 
and the hydrodynamic voltammogram of the bromine signal 
can be seen in Figure 6-1. A potential of + 0.200 V versus 
SCE was chosen for this present work as none of the following 
< 
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Table 6-1: Variation of the reduction current of the bromine 
with applied potentials. 
Delay coil length= 4 m. Flow rate= 5 ml/min. Eluent= 5 x l0- 6M 
of KBro 3 and 5 x l0-
3M of KBr in 70% v/v methanol. Sample= 
1 M HCl in 70% v/v methanol. 
Potential +0.00 +0.10 +0.20 +0.30 +0.40 +0.50 +0.60 
/V 
Current 1. 50 l. 39 1.33 1.28 l. 07 0.78 0.26 
signal 
/)lA 
1.5 
1.0 
o. 5 
0.2 
o.o +0.1 +0.20 +0.30 +0.40 +0.50 +0.60 
Potential/Volts 
Figure 6-1. Hydrodynamicvoltammogram of bromine. Conditions 
are the same as in Table 6-1. 
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antioxidants: BHT, BHA, H2Q and PG are oxidized at this 
potential. Deoxygenation of the injected sample at this 
potential was unnecessary as no changes in the reduction 
current were observed. 
Effect of the hydrochloric acid concentration 
The size of the bromine signal observed at a glassy 
carbon electrode held at a potential of + 0.200 V versus 
SCE increases with the increase of the concentration of 
hydrochloric acid in the injected blank and sample. The 
sample solution being 1 x 10-5 M BHT in hydrochloric 
acidic solution. The variation of the reduction current 
signal of the bromine with the acid concentration in the 
blank and sample is shown in Table 6-2. The increase of the 
bromine signal is due to the increase of the amount of 
bromine produced inside the delay coil as a result of the 
following reaction: 
When injecting an acidified sample, the resulting current 
signal is lower than when injecting a blank sample of 
similar acidity. The difference between these two signals 
is the amount of bromine which has been used to oxidized 
the antioxidant present inthe sample according to the 
reaction: 
Br2 + Antioxidant---+ Oxidized form of + 2.Br-
the antioxidant 
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Table 6-2: Effect of acid concentration on current signals 
obtained. 
Conditions: Eluent= 5 x 10- 6 M KBro 3 and 5 x 10-
3 M KBr 
in 70% v/v methanol solution, blank= HCl (concentration 
varying from 0. 5 M-3M) and sample= 1 x 10- 5 M BHT; blank 
and sample are in 70% v/v methanol. 
HCl concen- Blank Sample Difference % Drop 
tration/M current/ )lA current/ )lA 
0.5 0.89 0.59 0.30 33.70 
1.0 1.37 1.04 0.33 24.08 
2.0 1. 62 1.29 0.33 20.37 
3.0 1.65 1.40 0,25 15.15 
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The difference of the current signal is constant at 1 M and 
2 M HCl, but it decreases when using 3M HCl making the 
oxidation of the BHT more difficult at high acid concen-
tration. The percentage of the loss in bromine signal due 
to oxidation of the antioxidant if compared with a blank so-
lution of similar acidity decreases with increasing the 
concentration of the hydrochloric acid from 33.70 % at 
0.5 M to 15.15% at 3 M. A concentration of lM hydro-
chloric acid was chosen because it gave the largest current 
loss. 
Effect of the methanol on the current signals 
The effect of varying the concentration of the 
methanol present in both eluent and sample solutions on 
the reduction current signal was examined. The size of 
the current increases with the increase of the percentage 
of methanol in solution. The results are summarized in 
Table 6-3. Because the limiting diffusion current in a 
wall-jet configuration system depends according to Yamada 
and Matsuda (l 8 ) on the kinematic viscosity which is the 
viscosity divided by the density of the solution and on 
the diffusion coefficient which is inversely proportional 
to the viscosity according to Wilke-Chang equation (l9) 
D = 7.4 X 10- 8 (XM)~ T 
eo. 6 (VI-I) f\ s 
where: D = diffusion coefficient, cm2/ s. 
M = Molecular weight of the solvent, g 
% CH30H density viscosity observed calcu- % diffe- observed calcu- % diffe- loss of blank lated rence * sample lated rence * current 
current blank current sample /)lA 
/p.A current /pA current 
/pA /)lA 
50 0.9347 1.83 1.07 0.62 0.45 
60 0.9196 1.72 1.20 1.13 +5.83 0.80 0.66 16.7 0.40 
70 0.9030 1. 52 1. 39 1.29 +7. 26 1.05 0.75 28.0 0.34 f-' VJ 
00 
80 0.8856 1.25 i.65 1. 58 +4.18 1.39 0.92 33.3 0.26 
90 0.8667 o. 93 1. 92 2.15 -11.9 1. 88 1.26 32.7 0.04 
*%difference= 0bserved current value- calculated current value) x lOO/ observed current value 
Table 6-3. Effect of ethanol concentration on signal obtained. Conditions: delay coil length 
4 m, flow rate 3 ml/min. 
139 
X = Association parameter, multiple of nominal 
molecular weight of solvent to give effective 
value (for water: 2.6 and for methanol: 1.9) 
T = Temperature,•K 
~ = viscosity of solution, centipoise. 
Cs= Concentration of solute, cm 3 mol-l 
The increase in the current is probably related to 
the variation of the physical properties of the eluent, 
mainly the viscosity and the density and to an increase 
in the concentration of the bromin~ being produced inside 
the delay coil. 
By combining the equation of II-1 and equation VI-1 
and replacing the kinematic viscosity by ('1\,/d)· in equation 
II-1, the limiting diffusion current may be expressed as 
I = p C ~-13/12 d5/12 (XM)2/6 (VI-2) 
where P represents all the remaining parameters which are 
not included in equation VI-2 and d is the density. 
By varying the percentage of methanol in the solution, 
P is constant. The effective molecular weight of the solvent 
(XM) varies only 1.4 % when employing a solution of 100 % 
water or 100 % methanol and since it is very difficult to 
evaluate XM in a solution containing a mixture of aqueous 
methanol solvent, it was assumed that~~ is also constant. 
The viscosity and density vary respectively from 1.83 centi-
poisEB to 0.93 centipoises and from 0.934 7 to 0.8667 g/cm3 ( 20 - 21 ) 
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when changing from 50% methanol to 90% methanol. Their 
exact variationsare given in Table 6-3. 
Based on the current values of the injected blank 
and sample solutions prepared in 50% methanol and using 
the equation VI-2, the calculated values of the current 
for both the blank and sample solutions in 60, 70, 80, 
and 90% methanol are shown in Table 6-3. The experimental 
values are slightly higher than the calculated ones with 
the exception of the value of 90% methanol. This exception 
is probably due to the decrease in the solubilities of KBr 
and KBro 3 in high percentage methanol solution. The relative 
variations of the experimental to the calculated current are 
5.8 % for 60% methanol; 7.2 % for 70% methanol; 4.2 % for 
80% methanol and -11.97 % for 90% methanol. All these 
positiverelative variation increases are due to an increase 
in the bromine concentration produced inside the delay coil. 
From this interpretation it is belteved that the increases 
of the current signa~ when higher concentrations of methanol 
were employed,are mainly due to the viscosity and the 
density variations/and to a much lesser extent on an increase 
in the bromine formation. 
Based .also on the experimental value from the injection 
of an acidified 10- 5 M BHT in 50% methanoi, the current 
valu~s calculated using the equation VI-2 for 60, 70, 80, 
and 90% methanol (Table 6-3) show a considerable variation 
from the experimental values. Because the relative variation 
from the experimental and calculated values resulting from 
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the injection of the sample when similar concentrations 
of methanol were used are much larger than the one resulting 
from the injection of the blank, a change in the reaction 
rate of the oxidation of the antioxidant by the bromine is 
deduced. The much higher increase in the relative variation. 
between the calculated and the experimental values of the 
sample indicatesthat the reaction of the oxidation of BHT 
by bromine has actually decreased when higher concentrations 
of methanol were used. 
Effect of the flow rate and delay coil length 
To study the effect of the flow rate, a 4 metres delay 
coil was used in the flow injection system. The reduction 
current signal of the bromine resultingfrom the injection 
of a blank solution starts to decrease at flow rateshigher 
than 3 ml/minute. Similarly, the loss of the bromine signal 
-when a sample solution consisting~£ l0- 5 M of BHT in 70% 
methanol was injected into the bromate-bromide eluent decreases 
as we increase the flow rate. All these decreases are due to 
an incr~ase of dispersion and decrease of the residence time 
of the injected solution inside the flow injection system. 
Changing the delay coil length between 0.5 and 8 metres 
while maintaining a constant flow rate of 3 ml/min gave a 
continuous increase of the bromine signal with increasing 
delay coil length. The loss of the bromine signal while ·it 
increases between 0.5 and 4 metres, remains constant when 
delay coil lengths longer than 4 metres were used indicating 
a complete reaction between the antioxidant and the bromine. 
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The effect of flow rate and delay coil length on current 
signal are shown in Table 6-4 and 6-5 respectively. 
Linearity of the bromine signal 
In order to study the linearity of the bromine signal, 
the concentration of the bromate in the eluent was varied 
. -6 -6 between 2.5 x 10 M and 50 x 10 M while the concentration 
of the potassium brnmide was fixed at 5 x 10- 3 M. Injections 
of 1 M hydrochloric acid in 70% methanol were made. The 
results are presented in Table 6-6. The bromine signal was 
linear over the concentration range 2.5 x 10- 6 - 2.5 x 10- 5 M. 
Effect of the temperature on the bromine signal 
Examinations of the current values obtained after 
injections of blank or sample solution at room temperature, 
40•c and 5o•c were investigated. The delay coil and the 
cell itself were immersed in a water-bath thermostated at 
these temperatures. A 4metres delay coil and a flow rate 
of 3 mlpermin were-used. The results are presented in Table 6-7 • 
. An increase of the signal is clearly seen with the increase 
of temperature. These results were predicted, as the 
limiting current depends on the diffusion coefficient 
which itself is directly proportional to the absolute 
temperature (see equation VI-1). The signal current of both 
the blank and the sample have increased equally by a factor 
. . 
of 1.33 at 40"C and 1.42 at 50•c. The increase of the current 
signal is due to an increase of both the diffusion coeffi• 
cient and the formation of bromine. The yield of the oxidation 
of BHT by bromine remains unchanged with increasing 
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Table 6-4: Effect of flow rate on signal obtained. 
Blank = 1 M HCl in 70% v/v methanol solution 
Sample = 10- 5 H BHT in 1 M HCl in 70% v/v in 
methanol solution. Eluent = 5 X 10- 6 M kBro 3 
and 5 x 10-3 M KBr in 70% v/v methanol solution. 
Flow rate Blank current/ Sample current/ Differen-
ml/min. MA MA ce/)1A 
1 1.16 0.86 0.30 
3 1.40 1. 06 0.34 
5 1.29 1. 06 0.23 
7 1.21 1. 02 0.19 
9 1. 07 0.95 0.12 
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Table 6-5. Effect of delay coil length on signal obtained. 
Delay coil 
length/m 
0.5 
1.0 
2.0 
3.0 
4.0 
6.0 
8.0 
Flow rate 3 ml/min.; blank = l M HCl in 70% 
methanol solution; sample=l x 10- 5 M BHT in 
l M HCl in 70% v/v methanol and eluent = 
5 x l0- 6 M BrOj and 5 x l0-3 M KBr in 70% v/v 
methanol solution. 
Blank current/ 
pA 
0.74 
0.87 
l. 09 
1.23 
1.40 
l. 59 
1.68 
Sample current/ 
)lA 
0.66 
0.73 
0.90 
0.94 
l. 07 
1.26 
1.35 
diffe-
rence/pA 
0.08 
0.14 
0.19 
0.29 
0.33 
0.33 
0.33 
Table 6-6 Calibration signal of bromine at various bromate 
concentrations Flow rate = 3 ml/min; delay coil 
length = 4 metres; solution injected 1 M HCl 
in 70% v/v methanol solution. 
Concentratiog 
of KBr0/10- M 
2.5 5.0 7.5 ID 25 50 
Current signal/pA 0.687 1.47 2.20 2.92 6.75 10.65 
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temperature because the relative increase was the same 
for both blank and sample solution. Based on these results, 
the interpretation given by Fogg et al. (l3 ) suggesting 
that the use of a water-bath at 70°C increases the yield 
of the bromine formed and accelerates the bromination 
reaction of the phenol may be reinterpreted especially after 
calculating from their results the relative increase of 
the signal at 70"C if compared to the one at room tempe-
rature. The increase of the current signal when a blank 
solution was injected has increased by 2.021 while the 
increase when a sample solution was injected was 2.35. 
The increasing signal of the blank is associated with an 
increase of the diffusion coefficient and an increase 
yield of the produced bromine. The relative increase of 
the sample current being higher than the relative increase 
of the blank current signal indicates that the amount of 
bromine which has been consumed by bromination reaction 
has decreased and not increased as reported previously 
by Fogg et al. (l3 2(see Table 6-8). 
Calibration graphs 
Typical calibration graphs for the determination of 
BHT, H2Q, BHA and PG using the recommended procedures at 
various concentrationsare shown in Figure 6-2 and 6-3. 
Typica}- signals obtained for producing these calibration 
graphs are presented in Figure 6-4 and 6-5 for BHT and BHA 
at the concentration of 1 - 20 x 10- 6M and 0 - 10 x 10-5M 
respectively. 
Linearity of the signal has been observed over the 
range 1 x 10- 6 - 1 x 10-4 M for BHT; BHA and H2Q and 
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Table 6-7: Effect of temperature on current signal. 
Delay coil length = 4 meters; flow rate 3 ml/min; 
eluent = 5 x 10- 6 M KBro 3 and 5 x 10-
3 M KBr in 
70% v/v methanol solution; sample = 1 x 10-5 M 
BHT in 1 M HCl in 70% v/v methanol solution and 
blank = 1 M HCl in 70% v/v methanol solution. 
Ratio of Tempera- Blank current Sample Differen-
signal ture/"C /)lA current/)lA ce/JlA 
obtained 
at 
various 
tempe- R.T. 1.39 l. 05 0. 34 
ratures 
40 l. 86 l. 41 0.45 
50 l. 97 1.49 0.48 
Q 1.33 1.34 1.32 
Ql l. 42 1.42 l. 41 
Q I I l. 06 1.06 l. 07 
Where: R.T. =room temperature (20°C); Q, Q1 and Q11 are the 
ratio of the signal at R.T./40•c, R.T./5o•c and 40.C/5o•c 
Table 6-8: Results taken from Fogg et al.(l3). 
Effect of temperature on current signal of 
blank and sample (phenol). 
Temperaturej•c Blank current 
/y.A 
sample current 
R.T. 
70 
3.22 
2.28 
/pA 
6.51 
5.36 
~ ~ 
< < 
::l.. ::l.. 
~ ~ 
.., .., 
s:: s:: 
Cl) Cl) 
'"' '"' '-'' 
'"' ;:l ;:l 
<..) <..) H2Q 
1. 
0. o. 
o. 0.2 
~ 0 2 
< 
4 6 8 10 12 14(x 10-6 M) 6 8 10 12 14 (x 10-6 M) 0~ 2 
" < ::l.. ::l.. 
~ ~ 
.., .., 
s:: s:: 
Cl) Cl) 
'"' 
'"' 
BHA 
'"' 
'"' ;:l ;:l 
<..) <..) 
1.0 1.0 
0.5 0.5 
0.2 0.2 
J 0 2 4 6 8 10 12 14 (x 10- 6 M)· 0 5 (x 10- 6 M) 
Figure 6-2. Calibration graphs for the determination of H2Q, BHT, BHA and PG 
using the recommended procedures. 
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Figure 6- J, Calibration graphs for the· determination of various 
antioxidants using the recommended procedures at 
concentration level 10- 5 - 10-4 M. 
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Figure 6-4, Signals obtained for the determination of BHT using the recommended 
Procedure. Concentration of BHT: A, 0; B, 4; C, 8; D, 12; E, 16 and 
-6 F, 20 x 10 M. 
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Figure 6- 5. Signals obtained for the determination of BHA using the recommended 
procedure. Concentration of BHA: A, 0; B, 2; C, 4; D, 6; E, 8 and 
-5 F,lOxlO M. 
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5 x 10- 7 M - 5 x 10- 5 M for PG. 
When working in the concentration range 10-5 - 10-4 M 
it was necessary to increase the concentration of the 
bromate in the eluent from 5 x 10- 6 to 2.5 x 10-5 M. The 
delay coil leng.th was increased to 7 metres to eliminate 
the presence of double peaks. The coefficient of variation 
of the signal for 5 injections was typically less than 1 %. 
Conclusions 
Procedures are given for determining four different 
phenolic antioxidants by on-line bromimetry. Linearity of 
the signals w~s observed over a wide concentration range. 
The method is rapid with a coefficient of variation of 
less than 1 % at the recommended concentrations. The 
coefficient of variation of signalSbetween day and day 
and over a period of several months was less than 8 %. 
This slight variation is probably due to the state of 
the electrode, the·position of the electrode inside the 
cell and the slight variations in the room temperature. 
Particular applications and interferences have not been 
studied here but clearly interferences would include those 
compounds that interferein bromimetric methods. 
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CHAPTER 7 
Determination of Butylated Hydroxyanisole by 
Differential Pulse Polarography 
Introduction 
Among the many methods of identifying phenolic 
compounds, the test producing the beautiful, intense blue 
solutions of indophenol salts is probably the oldest, It 
dates back to the work of Robiquet (l), Dumas ( 2 ) and Kane ( 3 ) 
who were concerned with the orcein coloured substances and 
who obtained a blue colour with cresol, resorcinol and other 
phenols without correct knowledge of the reaction involved 
or the composition of the coloured compounds. 
Prior to 1874, complicated formulae were proposed for 
the simple indophenols and very little was known concerning 
their structures The studies of Van Baeyer and Care (4) 
resulted in the first approximation to the true formula. 
Indophenols have been produced by a large variety of 
methods. Gibbs ( 5 ) classified them into four types of con-
densations, each using two unlike molecules. 
1. Oxidation - by simultaneous oxidation of an amine 
and ~phenol as follows: 
+ .. 
OH 
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2. Dehydration - The elimination of a molecule of 
water. from a nitrosophenbl and a phenol produces an 
indophenol. OH OH 6 + HO ~); N~=O 
. 
3. Deammonrzation Certain amines and aminophenols 
may be condensed with the elimination of a molecule of 
ammonia forming a leuco-deri va ti ve according to the reaction. 
OH 
+ 
4. Deacidation - The coupling of molecules with the 
elimination of an acid may produce an indophenol. The most 
important reactions of this type are those occuring between 
quinonechloroimides and phenols in the reaction. 
NCl OH 
+ 0 --.. ~ HO-o-N < )=o + HCl 
The condensation of quinonechloroimide and phenol was 
first described by Hirsch ( 6 ) • Gibbs (5) applied this 
-
reaction in the estimation of several phenol compounds. He 
found that dihalogen substituted quinonechloroimides such 
as 2,6 dichloroquinonichloroimide and 2,6 dibromoquinone-
chloroimide give the most sensitive results of any of the 
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quinonechloroimides tried and the indophenols formed from 
them are, in general, the most stable. 
Quinonechloroimides do not react with all phenols. 
It is generally believed that the primary requisite for 
the reaction is that the position paraor ortho to the hydroxyl 
must be unsubstituted, This may be taken as a general rule, 
although exceptions have been discovered. Soloway and 
Santoro (?) have studied 65 different phenols. They found 
/ 
that some phenols with unsubstituted para positions but 
with substituted ortho and meta positions did not react due 
to steric hindrance by the adjacent groups onthe ring. 
Corbett ( 8 ) has studied the mechanism and kinetics 
of the reaction of p-benzoquinone"monoimines with 
monohydric phenols. He found that this ~eaction gives 
indophenol dyes by a process involving a rate-controlling 
electrophilic coupling of the monoimine to the para-position 
of the phenol, followed by rapid oxidation of the resulting 
leuco-indophenol b-y a second molecule of the monoimine to 
produce the indophenol dye and p-aminophenol. The rate of 
the reaction was pH dependent. Corbett ( 8 ) interpreted the 
variation of the rate with pH in terms of the various pairs 
of reactive species, At pH) 10, the neutral monoimine and 
the phenolate ion are the major reactive species; below 
pH lQ the reaction between the conjugate acid of the mono-
imine and the phenolateron becomes significant and at pH 
6 -8 is the major contributor to the reaction. At pH ( 5 
the reaction between the conjugate acid of the monoimine 
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and the neutral phenol makes a significant contribution 
to the rate. 
Corbett ( 8 ) found that C-methylation decreases the 
reactivity of the neutral monoimine by a factor of ea. 20' 
but increases the reactivity of the phenolate ion by a 
factor of 27 (ortho) and 10 (meta). C-chlorination on the 
other hand increases the reactivity of the monoimine by 
a factor of 4,5- 8, In poly substituted compounds the 
effect of methylation is cumultative. 
With the formation of indophenol compounds from the 
reaction of benzoquinone-monoinines and phenols, a secondary 
reaction, the hydrolysis of the monoimine, occured which 
could compete with the dye forming reaction. Tong (lO) has 
shown that the hydrolysis of the monoimine proceeds to 
p-benzoquinone which itself is unstable at a pH higher than 
7. The rate of decomposition of p-benzoquinone increases 
ten fold· for each unit increase in pH. Kinetic studies of 
the hydrolysis of p-benzoquinone monoimine, made by Corbett 
(9), over the pH range 2-10, have shown that the reaction 
exhibits first order kinetics over the whole pH range. The 
pH dependence indicates a rate controlling step involving 
the reaction of both free imine and its protonated form 
with water, the latter being 1.8 x 103 more reactive than 
the tormer, The proposed attack by H20 molecule on the 
neutral imine could occur by the simultaneous transfer of 
a proton from H20 to the nitrogen and a C-0 bond followed 
by elimination of ammonia. Attack by water on the conjug,ate 
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acid would probably involve formation of a C-0 bond followed 
by elimination of ammonia and simultaneous loss of the 
0-proton. Any substituent which effectively makes the 
reacting carbon atom more positive should increase the 
rate. Conversely a substituent which makes the carbon 
atom more negatively charged should decrease the rate of 
hydrolysis. 
The structure of the indophenols cannot normally be 
characterized by one structural formula. In alkaline 
solution, these compounds undergo a tautomerisation process. 
Corbett ( 8 ) studied the N.M.R. spectra of various indo-
phenol compounds and noticed that the tautomeric equilibrium 
is shifted in one direction or the other depending on the 
nature of the substituents. He concluded that the more 
highly methylated ring is predominantly quinonoidal and the 
more highly chlorinated ring is predominantly benzenoid. 
On this basis we would expect electron-releasing substi-
tuents to be located on the quinonoid ring of the indophenol 
and electron-withdrawing substituents to be located on the 
benzenoid ring. 
Patrick, Cardwell and Svehla (ll) examined the polaro-
graphic behaviour of six indophenols; 2,6-dichloroindophenol; 
' ' ' ' 2,6-dibromoindophenol; 2,3 ,6 -trichloroindophenol; 3 ,5 -di-
r r 
methylindophenol and 2 ,3 -dimethylindophenol. A well-defined 
reduction wave was observed by each of these indophenols. 
The wave height was independent of pH while the half-wave 
potential varied. The wave displayed all the characteriEtics 
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of a diffusion process. The wave was shown to correspond 
to a reversible two-electron step. They noticed the build 
up of a post-wave, for the halogenated compounds within 
the range pH 7- 10, from 7.5 x 10- 5 M onwards. The wave 
increased with concentration up to 9.5 x 10- 5 M and then 
remained constant. This wave was shown to be an adsorption 
post-wave. It occured exactly where the first oxygen wave 
appeared on the polarogram if the solution was not deoxy-
genated. 
Cardwell and Svehla (l2 ) studied the cyclic voltamme-
try of indophenol and five derivatives in aqueous buffered 
solutions at a hanging mercury drop electrode. The redox 
processes were reversible two-electron systems. At low 
concentrations (10-4 M), the voltammograms of 2,6-dichloro, 
I I I I 
Z ,3 -dimethyl and 3 ,5 -dimethyl-indophenols and the parent 
compound have shown the marked influence of weak adsorption 
of the product from the reduction step. The voltammograms 
I I I 
of 2,6 -dibromo and 2,3 ,6 -trichloroindophenols exhibited 
sharp adsorption spikes characteristic of strong adsorption 
of product, reactant or both. 
Fogg et al. (l3 ) have used the differential pulse 
polarographic technique for the determination of ammonia, 
sulphanilamide and p-aminophenol using the indophenol 
reac~ion. Their methods were based on the measurement of 
the reduction current of the indophenol produced from the 
reaction· of ammonia, sulphanilamide or aminophenol with 
hypochlorite and phenol. The calibration curves were linear 
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to a lower limit of detection of 4 x 
cient of variation on 6 solutions at 
of each of these compounds of 3-4%. 
10- 7 M with a coeffi-
-6 the 4 x 10 M level 
Mahon and Chapman (l4) made ~ detailed investigation 
I 
of the Gibbs reaction with 2,6-dichloroquinonechloroimide, 
as a quantitative test for BHA. They found that addition of 
I 
Gibbs reagent in the presence of a borate buffer to a 
72% aqueous ethanolic extract containing BHA, gave a stable 
blue indophenol with maximum absorption at 620 nm. The 
optimum pH was 9.4 and full colour development was obtained 
after ageing for fifteen minutes. The Association of Public 
Analysts (l5) have noted that the addition of n-butanol to 
the reaction mixture which was suggested first by Anglin 
et al. (l 6 ) to clear the steam distillation of BHA. extract 
solution, gave a deeper blue colour and increased slightly 
the sensitivity of the method. 
was 
The specificity of this reagent for BHA determination 
also investigated by Mahon and Chapman (l4); They 
examined the reaction of hydroquinone, gum guaiacum, propyl 
I 
gallate and ~-tocopherol with Gibbs reagent. Only gum 
guaiacum gave a maximum absorption close to that of BHA, 
but the other antioxidants gave a slight colour reaction 
and when tested in admixture with BHA at the 25- 50% level 
produced increases in absorption of 3-5%. 
The aim of the present work is to apply differential 
pulse polarography to the determination of butylated hydroxy-
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anisole based on the spectroscopic method of this anti-
oxidant and 2,6-dichloroquinonechloroimide. Solution 
conditions were optimized to suit the differential pulse 
polarographic method and procedures were recommended for 
the determination of BHA at a concentration range of 
0.2 - 30 ppm. 
Experimental 
The polarography was carried out using a Princeton 
Applied Research PAR 174A polarographic analyzer to which a 
Gould HR2000 recorder was connected. Three-electrode operation 
was employed with the polarograph using a dropping mercury 
electrode, a platinum counter electrode and a saturated 
calomel reference electrode. The polarographic cell was 
a double walled glass vessel with a perspex top cover. 
The top had an 0-ring to fit tightly on to the cell. There 
were four holes on the perspex top to enable the three 
electrodes and the deoxygenation train to be placed in the 
solution in the cell. The temperature of the solution in 
the cell could be regulated by pumping water between the 
walls of the cell. The nitrogen used for deoxygenation was 
purified as described in chapter 4. A two-way tap was 
connected at the end of the deoxy~nation train to keep 
the nitrogen gas over the solution throughout the duration 
of tfie polarographic analysis. The mercury height was kept 
constant at 65 cm throughout the work. 
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Reagents 
Preparation of 0.05% w/v 2,6-dichloroguinone-4-
chloroimide (DCQC) solution. 
0.050 g of DCQC (Aldrich Chemical) were dissolved 
with 96% ethanol and diluted to lOO ml in a calibrated 
flask with the same solvent. Further dilutions were made 
from this solution with 96% ethanol. This solution was 
prepared daily. 
Preparation of (1000 ppm) BHA solution-
0.100 g of BHA (BDH Chemicals) were dissolved with 
96% ethanol and diluted to 100 ml in a calibrated flask 
with the same solvent. Further dilutions were made from 
this solution with 96% ethanol. This solution was prepared 
daily, and stored in the refrigerator when unused. 
Preparation of (pH 11) borate buffer solution 
. a). Preparation of 0.05 M sodium tetraborate solution 
12.367 grams of boric acid were dissolved in 500ml of 
doubly distilled water. 100 ml of 1 M sodium hydroxide 
solution was added to the boric acid solution and the final 
solution was made up to 1 litre in a calibrated flask with 
doubly distilled water. 
b). Preparation of 0.1 M sodium hydroxide solution 
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4 grams of sodium hydroxide were dissolved with 
doubly distilled water and diluted to 1 litre in a cali-
brated flask with doubly distilled water. 
The borate buffer was prepared by making up 49.9 ml 
of solution (a) to 100 ml with solution (b). The pH was 
further checked with a pH meter. 
Preparation of 1 M sodium hydroxide solution 
40 grams of sodium hydroxide were dissolved with 
doubly distilled water and diluted to 1 litre in a cali-
rated flask. 
Procedure for determining BRA at a concentration 
between 0.2 and 4ppm, 
Pipette into 25 ml calibrated flasks, different (x) 
volumes, between 0 and 4 ml aliquots of a solution con-
taining 25 ppm of BRA and 5 ml of 0.005% DCQC solution. 
Add to each flask (12.5- x) ml of 96% ethanol and 5 ml 
of borate buffer, pH 11. Dilute the solution to the mark 
of the calibrated flask with doubly distilled water. Stopper 
the flasks and shake well.and quickly the solution and 
allow each solution to stand for 5 minutes in a water bath 
thermostated at l2°C •. Place 35 ml of each solution in turn 
in a "clean polarographic cell thermostated also<\1.2 •c, 
Deoxygenate the solution with nitrogen for 8 minutes and 
record the differential pulse polarogram betw~en -0.160 V 
and -0.600 V versus SCE. 
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In the present work a forced drop time of 2 secondS 
.was used with a pulse modulation amplitude of 50 mV and a 
potential scan rate of 2 mV/s. 
Procedure for determining BHA at a concentration 
between 5 and 30 ppm 
Pipette into 25 ml calibrated flasks different volumes 
behreen 0.5 and 3 ml ·aliquots of a solution containing 250 ppm 
of BHA and 5 ml of 0.05% DCQC solution and proceed as men-
tioned above. 
Results and discussion. 
In preliminary studies to adapt the calorimetric 
method of the BHA - DCQC to a differential pulse polaro-
graphic method, the same solution conditions suggested by 
Mahon et al. (l4) were used. These conditions consisted of 
using a sample solution of BHA in 72% ethanol, 0.01% DCQC 
in 95% ethanol and .borax buffer solution. The solution was 
mixed an.d allowed to stand for 15 minutes at room temperature, 
The solution was placed in a polarographic cell and deoxy-
genation of the solution was made using purified nitrogen 
gas for 8 min. The differential pulse polarograms were recorded 
between 0.000 and - 0.700 volts versus SCE. The differential 
pulse.polarograms of both a blank and a sample solution are 
shown in Figure 7-1. Figure 7-1 shows also the polarogram 
of a solution containing BHA and borax buffer but without 
(A) 
0.00 -0.20 
t.02 
~ )lA 
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o.oo 
-0. /+0 
0. 0 5 )lA 
-0.20 \V) 
-0.40 -0.60 (V) 
-0.60 Volt·s 
Figure 7-1. Differential pulse polarograms obtained using the 
calorimetric solutions conditions (l4). Ethanol 
concentratio~ 56%. DCQC concentration: 0.002%. 
BHA concentration: A, 0; B, 1: C, 2; D, 3; E, 4 
and F, 2 ppm (but Hithout DCQC). G Hithout BHA or DCQC 
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the presence of DCQC. The identification of the indophenol 
peak was made by increasing the concentration of BRA while 
keeping all the other conditions fixed. The peak current at 
the potential of -0.270 V versus SCE increases with the 
increase of 'the BRA concentration. This peak is due to the 
reduction of the indophenol formed. The size of the peak 
current was very difficult to measure without making a lot 
of assumptions in the measurement which might affect the 
relationship between the current and the concentration of 
BRA. Therefore solution conditions of this reaction were 
studied in more detail and optimiied in order to determine 
BRA using differential pulse polarograph~ 
Effect of the pH on the peak current 
Using the recommended procedure but allowing the 
reaction to stand for 15 minute~, the effect of the pH 
between pH 8.5 andpH.l3 on the polarograms ofboththeblank 
end the sample solutions were studied. The potential was 
found to vary with the pH between 9.5 and 13. The peak 
shifted to a more negative potential,with increasing ~he 
pH 7from - 0.310 to - 0.420 V versus SCE. The size of the 
current signal increased up to a maximum at pH 11 and then 
decreased for higher pH values as shown in Figure 7-2. 
The results are tabulated in Table 7-1. The variation of 
the current size is due to the occurence of a second reaction, 
the hydrolysis of the DCQC which depen& on the pH 
and competeswith the formation of the indophenol. The 
polarograms of the blank solution at various pH values are 
\ 
\ 
-Q150 
(A) 
(c) 
(B) (D) 
I o. 02 J.IA 
(E) 
' \ 
\~ 
-0.160 -0.360 -0.16 -0.36 -0.16 -0.36 -0.16 -0.36 (Volts) 
Figure 7-2. Effect of pH on the current signal. A, 9.5; B, 10.5; C, 11; D, 12 
and E, 13. BHA ooncentrat1on:l.75 ppm. 
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also sh01m in Figure 7-2. Two small peaks can be seen from 
these polarograms. The size of the two peaks while relatively 
small at pH values lower than 11, starwto increase remarka-
bly at higher pH values. These peaks are believed to be due 
to the hydrolysis products of the DCQC. 
Stability of the peak current 
The time required for complete reaction was investi-
gated. This was done by using the same solution conditions 
while varying the reaction time between 2 minutes and 240 
minutes. The differential pulse polarogram of each solution 
was recorded after the solution was deoxygenated for 8 
minutes. The reaction was completed after allowing the 
solution to stand 5 minutes in a water bath at a temperature 
of l2°C before deoxygenation. The size of the current signal· 
was constant for a period of 4 hours. 
Effect of the concentration of DCQC on the peak current 
The effect of varying the concentration of the DCQC 
from 0. 0002 to 0. 004% in the recommended procedure 1·lhen using 
a sample solution containing 1.75 ppm of BHA can be seen in 
Table 7-2 . Increasing the concentration of DCQC from 0.0002% 
to O.OOl% resulted in an increase of the indophenol peak 
current. The polarograms of the blank signals are shown in 
Figure 7-3. The use of a concentration 0.002%or higher reduces 
the size of the indophenol current peak as it increases the 
steep baseline at -0.160 V versus SCE. It also increases 
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Table 7-1: Effect of pH on both peak current and peak po-
tential of the indophenol derivative. BHA 
concentration = 1,75 ppm. 
pH 
Peak current -
/)lA 
9.5 
0.044 
10.5 
0.063 
11 12 
0.081 0.076 0.056 
Peak potential -0.310 
/V 
-0.330 -ll.350 -0.370 -0.420 
Table 7-2: Effect of DCQC concentration on peak current 
obtained. BHA concentration = 1.75 ppm. 
DCQC concentra- 0.002 
tion ( 0.1%) 
Peak current 0.043 
/)lA 
0.004 
0.070 
0.01 0.02 0.04 
0.080 o. 058 o. 02 9 
Table 7-3: Effect of temperature on both peak current and 
peak potential obtained. BHA concenteration = 
1.75 ppm. 
Temperature/•c 
Peak current 
/)lA 
Peak potential 
/V 
0 12 
0.049 0.081 
-0.340 -0.350 
20 40 
0.087 0.10 0 
-0.355 -0.370 
(E) 
I 
I 
(D) 
\ 
\ 
\_~ 
------r----r----
0.16 0.56 
---,--------r·----·--
-6.36 -0.56 (V) 
i 
I 
I 
'J i 
\ 
~~ 
\ (c) 
: ! 
10.02 }lA 
\ \ 
'\:_ 
-----,----.---
r / I 
(A) 
I ' I I 
I 
\ / \ 
\ \ 
\~·M ~ 
-0.36 -0.56 (V) 
-0.36 -0.56 (V) 
. . --~ ....... ,_ 
-0.56 (V) 
Figure 7-3. Effect of DCQC concentration on the indophenol current signal. DCQC concentration: 
A, 0.0002%; B, 0.0004%; C, 0.001%; D, 0.002% and E, 0.004%. BHA concentration: 
1.75 pprn. Borate buffer pH 11.0. 
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the size of the current at the potential peak of - 0.450 V 
and - 0.570 V versus SCE. 
Effect of the temperature on the peak current 
It was noticed during the early stage of this present 
work that the polarograms of both the blank and the sample 
varied with the variation of the room temperature. In 
attempting to study the effect of the temperature on the 
stability of DCQC, a blank solution prepared as indicated 
in the recommended procedure was placed inside a water 
bath at o•c for 15 minutes. The solution was then removed 
and warmed to room temperature. 35 ml of this solution was 
then transferred to a polarographic cell thermostated at 
20"C, deoxygenated for 8 minutes using purified nitrogen 
and the polarogram recorded between - 0.160 and - 0.760 V 
against SCE. This same procedure was repeated a further 
4 times, in each case the temperature of the water bath was 
varied. The cooling of the blank solution from high tempe-
rature to room temperature was made by placing it under 
the tap water. The temperature of the blank solution inside 
the polarographic cell was checked before recording the pola-
rograms. Figure 7-4 shows the differential pulse polaro-
grams of a blank solution after being kept for 15 minutes 
at 0, 12, 25, 50 and 75"C respectively. The size of the 
current at the potential - 0.460 V versus SCE increases 
with increasing the temperature. This peak is due to the 
decomposition products of the DCQC,and working at relatively 
·low temperature seems to stabilize the blank solution. 
(E) 
(D) 
(C) 
(B) 
(A) 
-0.16 
172 
-0.36 -0.56 (V) 
Figure 7-4. Effect of temperature on the blank signal 
Blank signal containing DCQC at the concentration 
of 0.001% w/v. Temperature investigated• A, O'C; 
B, 12°0; C, room temperature (2o•c); D, 40"C and 
E, 7o•c. 
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The effect of recording the polarogram of both the sample 
and the blank at different temperatures were also studied. 
Figure 7-5 shows the differential pulse polarograms recorded 
at o•c and at 40 4 C. The E of the indophenol derivative p 
shifted to more negative potential with increasing the tempe-
rature from - 0.340 V at 0°C to - 0.370 V versus SCE at 
40°C. The size of the peak current of the indophenol increa-
ses with the temperature. The results are presented in 
Table 7-3. A temperature of l2°C was found to be the most 
suitable for the determination of BHA,as it reduces the 
decomposition of the DCQC?which could interferewith the 
determination of BHA at particularly low concentrations. 
Effect of ethanol concentration on the polarograms 
The use of various concentrationsof ethanol in the 
blank and sample solutions did have a considerable effect 
on their polarograms. Figure 7-6 shows the differencial 
pulse polarograms of a blank solution containing 19 to 
67% ethanol. Incre.asing the concentration' of ethanol 
decreased the size of the peak ctirrent at - 0.460 V versus 
SCE,and i~ also eliminated the peak current at the poten-
tial - 0.570 V versus SCE. It was demonstrated before that 
the peak at - 0.460 V is associated with the stability 
of. the blank solution, therefore increasing the percentage 
of ethanol seems also to stabilize the blank solution. The 
peak current at the potential - 0.570 V is probably due 
either to the adsorption of the DCQC or the adsorption of 
one of the decomposition products of the DCQC, increasing 
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-0.36 -0.56 (V) 
Figure 7-5. Effect of the temperature of the polarographic 
cell on the current signal. BHA concentration: 
1. 75 ppm. 
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\\ I 
"'
1 I \ \\ V\ 
(B) 
~ 
(C) 
-0.16 -0.36 -0.56 (V) 
Figure 7-6. Effect of the concentration of ethanol on 
current signals. Ethanol concentration in the 
final solution: A, 19% v/v; B, 31 % v/v; 
C, 43% v/v; D, 54% v/v and E, 67% v/v. BHA 
concentration: 1.75 ppm. Temperature of 
polarographic cell: l2°C. 
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the concentration of ethanol eliminates the adsorption 
of these materials at the dropping mercury electrode sur-
face. The effect of ethanol on the indophenol signal was 
even greater. Fig 7-7 shows the differential pulse pola-
rograms of the indophenol derivative at different alcohol 
percentages. The size and shape of the indophenol peak 
improved quite considerably from a very small and ill-shaped 
peak to a well-shaped peak when changing the concentration 
of ethanol from 19to 67%. The use of a concentration of 
ethanol higher than 67% resulted in the precipitation of 
the borate salts. A shift of the potential peak of the 
indophenol derivative to more negative potential was also 
observed with increasing ethanol concentration in the 
final solution. Table 7-4 summarizes all these results. 
The presence of high concentration of ethanol in the 
solution has prevented to some extent the hydrolysis of 
DCQC, reduced the adsorption at the dropping mercury 
electrode surface and probably exhibited the reduction 
process of the indophenol derivative at the dropping 
mercury electrode. 
Calibration graphs 
The relationship between the peak current of the 
indophenol and the concentration of the butylated hydroxy-
• 
anisolewhen using the recommended procedure, was found to 
be linear over the concentration range 0.2 ppm to 30 ppm. 
The values of the current of the indophenol corresponding 
to various BHA concentrations are presented in Table 7-5. 
' 
.•. 
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-0.36 -0.56 (V) 
(B) 
.. 1'. 
I 1 ' 
\ j \ 
' \ -
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I~ \ 
·\J \ 
\ \ 
\ 
\ 
\ 
---._ 
-0.36 -0.56 (V)----,----,--
-0.36 -0.56 (V) 
(D) 
. I 
-0.30 
. r 
-0.50 (V) 
~igure 7-7. Effect of ethanol concentration on current signals. Ethanol concentration: A, 31. %; 
B, 43% v/v; C, 54% v/v and D, 67% v/v. BHA concentration: l. 75 ppm. 
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Table 7-4: Effect of ethanol concentration on both 
peak current and peak potential of the indo-
phenol derivative. BHA concentration = 1.75 ppm. 
Ethanol concentra 
tion I % 
Peak current/).!A 
Peak potential/V 
.31 
0.001 
-0.275 
43 
0.011 
-0 • .315 
54 67 
0.0.37 0.081 
-0 • .340 -0 • .350 
Table 7-5: Calibration signal of BHA at various concentra-
tion using the recommended procedure. 
Concentration of BHA Peak current/pA K* 
/pp m 
0.2 0.009 0.045 
0.5 0.022' 0.044 
1.0 0.04.3 0.04.3 
2.0 o. 092 0.046 
3.0 0.14.3 0.048 
4.0 0.1B9 0.047 
5.0 0.2.36 0.047 
. 10.0 0.452 0.045 
30.0 1. 455 0.048 
* K = ratio of peak current/pA to BHA concentration/ppm. 
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Typical calibration graphs can be seen in Figure 7-8 and 
typical differential pulse polarograms at different concen-
tration of BHA are shown in Figure 7-9. The coefficient 
of variation of 10 repeated testscontaining BHA at a con-
centration of 1.75 ppm was less than 2.5 %. The detection 
limit of the present method is 0.1 ppm corresponding to a 
-7 concentration of 5.55 x 10 M. Interference from H2Q, 
BHT and PG were tested at a concentration corresponding to 
50 % that of BHA. No interference was observed from the 
presence of these antioxidants when determining BHA at a 
concentration of 4 ppm. 
Conclusions 
A differential pulse polarographic method has been 
developed for the determination of butylated hydroxyanisole 
in the concentration range of 0.2 - 30 ppm using the spectro-
photometric reaction of this antioxidant with 2,6-dichloro-
quinone-4-chloroimide. The solution conditions of the 
colorimetric method for determining butylated hydroxyanisole 
were not applicable to differential pulse polarography, as 
a result of the interference of various electroactive 
species produced from the hydrolysis of the DCQC and the 
decomposition of its hydrolysis product. 
The intention of the present work is to illustrate 
the possibility of using differential pulse polarography 
to determine butylated hydroxyanisole, rather than to recommend 
the polarographic procedures given in place of the spectro-
photometric one. Indeed the polarographic methodology is 
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0.30 
o. 20 
0.10 
1.0 2.0 5. 0 
BHA concentration/ppm 
Figure 7-8. Typical calibration graph for the determination 
of BHA using the recommended procedure. 
. 
0.05 
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(A) 
-0.36 -0.56 (V) 
Figure 7-9~ Typical signals for the determination of 
BRA using the recommended procedure. BRA 
concentration: A, 4 ppm; B, 3 ppm; C, 2 ppm; 
D, 1 ppm and E 0.5 ppm: F, blank 
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more complicated than that of colorimetry and would be less 
suitable for straight forward analysis. 
The use of the differential pulse polarographic method, 
however, may have advantages in some applications involving 
coloured or turbid solutions and when determining low con-
centrations of butylated hydroxyanisole. 
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CHAPTER 8 
Determination of Nitrite Using Ascorbic Acid 
Introduction 
Nitrite has been used for centuries in food processing, 
particularly for curing and preserving meat and fish. In the 
curing of meat, nitrite serves to develop the typical pink-
red colour and to protect the flavour, but the major reason 
for continuation of its use is its antimicrobial effect 
against strains of Clostridia (l-J). Its usage is limited 
to a maximum of 200 parts per million in the finished meat 
products (4) 
Under the conditions found in certain types of food 
processing or in the gastrointestinal tract, nitrite can 
react with secondary and tertiary amines or quaternary 
ammonium compounds to form N-nitrosamines. Magee and Barnes 
( 5) and Druckrey et al. ( 6) showed by studies on animals 
that~nitrosamines are carcinogenic. Mirvish et al. (?)sug-
gested the use of ascorbic acid as a means of blocking the 
formation of N-nitrosamines from the reaction of sodium 
nitrite and susceptible amines. Later Kamm et 
Greenblatt (9) and Cardesa et al. (lO) showed 
(8)· 
al. , 
that ascorbic 
acid could completely prevent the acute hepatoxic effects 
produced by gavage (administration by stomach tube) of rats 
and mice with nitrite and dimithylamine or aminopyrine. 
Chemical properties of ascorbic acid 
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According to Hirst and collaborators (ll), ascorbic 
acid has the structure I. In aqueous solutions it enolises 
into a compound with the structure (n) which oxidizes into 
dehydroascorbic acid having the structure(IIIf The mechanism 
of the oxidation suggested by Borsook et al. (l2 ) is a 
two-electron process accompanied by the release of two 
protons. Regarding the reversibility of the process, 
Bezssonoff and Woloszyn (l3-l9) postulated that the oxida-
tion to dehydroascorbic acid takes place in two steps, the 
first being reversible whilst the second is irreversible. 
Vavrin (2 0) and Kern (2l) found a similar mechanism during 
the electrolytic oxidation of ascorbic acid on polarized 
anodes. The dehydroascorbic acid changes into 2,3-diketo-
1-gluconic acid (IV) with the opening of the original 
lactone ring at room temperature in aqueous solution at 
hydrogen ion concentrations less than pH 4. The 2,3-diketo-
1-gluconic acid may be oxidized with strong oxidizing agents 
to yield 1-threonic acid and oxalic acid and even carbon 
dioxide (l2 ) 
~=0 l ~0 l 
H-( OHr E Ol 
1 
I ~ 11 C-O · E-OH 
I I 
H-C H-C 
HO-t.:..H HOJ-H 
I I 
CH20H CHzOH 
( n no (lll) (!V) 
/OH 
C=O 
I 
C=O 
_ __..,. 'oH 
+ 
c....-OH 
1..::::,0 
H C-OH 
I 
HO-C-H 
I 
CHzOH 
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The significance of ascorbic acid for quantitative 
analysis is its great reducing capacity. Since the mid-
thirties ascorbic acid has been produced industrially, 
mainly for medical purposes, but the substance has found 
its way into the laboratory as a relatively inexpensive 
reagent ( 22 ). Erdey recommended its use as a reductometric 
titrant for the first time in 1950 ( 23 ) and the term 
ascorbinometric titration originates also from him. Since 
then a large number of analytical applications have been 
developed, mainly by Erdey, Svehla ( 22 ) and their eo-workers. 
It has been shown to reduce gold salts to metallic gold; 
silver salts to metallic silver; mercuric chloride to 
metallic mercury or mercurous chloride, according to the 
conditions; selenious acid to free selenium; cupric salts 
to cuprous salts; ferric salts to ferrous salts; trivalent 
cobalt salts to the divalent cobalt salts and eerie salts 
to cercus salts. Ascorbic acid also reduces iodine, iodate, 
bromine, bromate, chlorate, permanganate, dichromate, 
vanadate, phosphomolybdate, tungstate, phosphotungstate, 
ferricyanide, etc. Ascorbic acid is. also known to reduce 
some dyes like 2,6-dichlorophenol-indophenol, methylene 
blue and thionine. 
Stability of ascorbic acid solutions 
Solid ascorbic acid under dry conditions is perfectly 
stable towards air, light and heat. In aqueous solution 
it oxidizes and decomposes. Oxidation by air in aqueous 
solution is catalysed by copper ions and to a lesser degree 
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by ferric ions and by enzymes of the oxidase type such as 
ascorbic oxidase and peroxidases. Zilva ( 24 ) found that 
ultraviolet light could also catalyse the oxidation of 
ascorbic acid to dehydroascorbic acid. Lamden ( 2 5) reported 
that the addition of 0.5 per cent tin (II) chloride or 1.0 
per centthiourea retards the loss of ascorbic acid in meta-
phosphoric acid (5 per cent) solution even in the presence 
of traces of copper ions. Marx (26 ) observed that a saturated 
solution of sodium chloride acts as a better stabiliser 
than metaphosphoric acid. Erdey and Bodor (27 ) found that 
ascorbic acid can be stabilised in aqueous solution at o•c 
in an atmosphere of carbon dioxide with the addition of di-
sodium ethylenediaminetetraacetate (EDTA) as stabiliser. 
It can also be stabilised in a solution containing formic 
acid and EDTA. Solutions thus stabilised show a deterioration 
of about 0.1 per cent per day at room temperature. Krishna-
murtliyand Giri (2 B) and l~atanable (29 ) found that oxalic 
acid protects ascorbic acid solution against atmospheric 
oxidation. Rao et al. (JO) found that ascorbic acid is 
more stable in concentrated solution than in dilute solution 
in the presence of air. The removal of air by saturating 
the solution with carbon dioxide and preserving the solution 
in a carbon dioxide atmosphere coupled with slight acidifi-
cation gave a - 0.6% deterioration in 0.066 N solution and 
about 25% deteri6ration in 0.0066 N solution over about 4 
days. 
Determination of ascorbic acid 
There are a large number of methods available for the 
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determination of ascorbic acid. The~e methods may be classi-
fied into the following main classes: nephelometric methods, 
oxidimetric methods, photometric methods, potentiometric 
methods, voltammetric methods and polarographic methods. The 
polarographic methods will be discussed in detail hereafter. 
Polarographic determination of ascorbic acid 
The polarographic technique was first successfully 
(3l) and later by other workers used by Kodicek and \venjg 
( 32 - 39 l. Brezina and Zuman ( 40) suggested that the analysis 
is best performed in buffer solutions from pH 2.0 - 7.0 to 
prevent chemical oxidation by traces of oxygen. Heyrovsky 
and Zuman (4l) described the electrode process as the 
production of dehydroascorbic acid by oxidation. The process 
is pH dependent. 
II --• III + 2 H+ + 2 e-
Dehydroascorbic acid is not reducible at the dropping 
mercury electrode (42 l. Schubert and Roland (43) determined 
ascorbic acid in oxalic acid at the dropping mercury 
electrode in acetate buffer. Linquist et al. (44) used 
differential pulse polarography to determine ascorbic acid 
.in acetate buffer saturated Hith sodium oxalate.Theyobtained 
well 
pp m 
formed peaks for a· concentration ranging between 0. 2 
and 25 ppm. Amin (45) has also used the DPP technique 
for the determination of ascorbic acid in a solution of 
iodine in chloroform, the excess of which was then removed 
and this was followed by the polarographic measurement of 
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the iodate formed after bromine oxidation of the resulting 
iodide. Fogg et al. ( 46 ) determined ascorbic acid and 
permitted food matters using differential pulse polarogra-
phy whilst monitoring their interaction during light 
degradation. Their study was made at pH 5,5 in acetate 
buffer containing 25 ppm of EDTA. 
Determination of dehydroascorbic acid by condensation 
with a-phenylenediamine 
Dehydroascorbic acid was found to condense with 
a-phenylenediamine to produce the fluorescent compound 
3- ( 1, 2-dihydroxyethyl) furo-(3, 4- b)·q uinoxaline-1-one ( 4 ?) • 
The ascorbic acid did not react. Ohmori et al. (48 ) observed 
that dehydroascorbic acid which is formed from ascorbic 
acid by oxidation with active charcoal (Norit " A "), 
gives well-defined polarographic reduction waves caused 
by diffusion currents in deoxygenated acetate buffer solution/ 
at pH 3.6)containing a-phenylenediamine (OPD). The diffusion 
current of the waves depends on time after the addition of 
OPO, the concentration of 0?1), pH and the temperature. They 
found linear relationship~tween the diffusion current and 
the concentration 
1 X 10- 5 M - 20 X 
of dehydroascorbic 
10- 5 M. 
acid in the range 
Ct-fOH)CHflH 
3-(1,2-dihydroxyethyl)-furo-
(3,4-b)-quinoxaline-1-one. 
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Mechanism of the reaction of nitrite with ascorbic 
The reaction between ascorbic acid and sodium nitrite 
or nitrous acid was first observed by Karrer and Bendas (4 9). 
This reaction is general for reductones (that is to say, 
enediols stabilized by conjugation to a carbonyl or simi-
lar group) (50- 5l); it has the characteristics of a typical 
oxidation-reduction process, and gives quantitative formation 
of nitric oxide and dehydroreductone. 
The chemistry of nitrite is complex and will not be 
discussed at length in this chapter. Some of the key 
equilibria for conversion of nitrite to a nitrosating agent 
are shown below: 
N02 + H+ HN0 2 
HN02 + 
H+ H2No2 
+ 
2 HN0 2 N203 + H2o 
2 N0 2 . N20 4 
Ascorbic acid reacts with all of the nitrosating agents 
as first shown by Dahn and eo-workers who studied the reaction 
under anaerobic conditions (52) 
• 
Bunton et al. (53) studied in detail the oxidation 
of ascorbic acid by nitrous acid under anaerobic conditions. 
The reaction was said to involve initial attack by the 
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nitrosating species to form the nitrite esters of the 
3-hydroxy group of ascorbic acid. The nitrite ester breaks 
down to yield the semiquinone and nitric oxide. Reaction of 
semiquinone with additional mole of nitrosating species 
completes the oxidation to hydroascorbic acid. 
Under anaerobic conditions, equimolar concentrations 
of ascorbate and nitrite led to oxidation of only half 
the ascorbate, as would be expected from the previously 
established stoichiometry. In the presence of air,. reaction 
of 10 mM ascorbate with 10 mM nitrite led to complete oxi-
dation of ascorbate. This was explained to be due to the 
reaction with oxygen of nitric oxide produced during the 
oxidation of ascorbate by nitrite, which leads to formation 
of nitrogen dioxide, some of which could re-enter solution and 
react with water to generate equimolar amounts of ni ttous and 
2-nitrosylascorbic acid 
O, / ::l:::C-:-l -- NO N2y 
1 'I I< ill 
I 
C'JI,t ill 
ascorbic acid 
\ 
semiquinone 
o2 IN 2o3 Jl:i~tl 
){~(1~11 
dehydroascorbic 
acid 
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nitric acid. Thus up to half of the nitric oxide could 
potentially be reconverted to nitrite. The presence of 
oxygen in the ~ystem could also lead to direct oxidation 
of the ascorbate semiquinone intermediate, which is produced 
in the initial step of the oxidation by nitrite, this 
would again lead to oxidation of more than half a mole 
of ascorbic acid by one mole of nitrite. Tannenbaum et 
al. (54) demonstrated the fact that oxygen controls the 
stoichiometry by the fact that sparging air or oxygen into 
the system increased the amount of ascorbate required for 
complete inhibition of nitrosation to the order of two 
moles of ascorbate per mole of nitrite. 
Mirvish et al. ( 7 ) studied the.reaction in different 
pHs. They found and concluded that in 0.1 to 0.5 N perchloric 
acid the main nitrosating species is protonated nitrous acid 
+ (H2No 2 ) whereas in more dilute acid (pH 1.5 to 5) the 
nitrosation species is nitrous anhydride (N2o3). They found 
that ascorbate anion is 240 times more rapidely nitrosated 
than ascorbic acid (pKa = 4.2)7 due presumably to the greater 
nucleophilic activity of the anion. Over the pH 3.0 to 5.0 
Archer et al. (5 5) found that the rate-limiting step in the 
oxidation of ascorbic acid by nitrite was the formation of 
N2o3 ; this agrees with the result of Dahn et al. (5
2 ) for 
the anaerobic reaction. The rate of oxidation decreased 
markedly with increasing pH. 
Determination of nitrite using ascorbic acid 
Erdey and Svehla in their book (22 ) described an 
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indirect ascorbinometric method for determining nitrite. 
In this method, nitrite nns were oxidized by a known excess 
amount of acid perman~anate solution to nitrate. The excess 
of the permanganate was then reduced by potassium iodide 
and the iodine liberated from the reaction was titrated 
with ascorbic acid. 
The aim of the present work was to study the reaction 
of nitrite with ascorbic-acid and to determine the nitrite 
polarographically by measuring the oxidation current of the 
remaining ascorbic acid. The possibility of determining 
the nitrite by measuring the reduction current of the 
3-(1,2-dihydroxyethyl)-furo-(3,4-b)-quinoxaline-1-one 
formed from the reaction of OPD and the dehydroascorbic acid 
acid which has been produced from the oxidation of ascorbic 
acid by the nitrite,was also investigated. 
Experimental 
Polarographic measurements were made with a-PAR 174A 
polarographic analyzer (Princeton Applied Research borporation). 
equipped with a drop timer. Polarograrns were recorded with a 
Gould HR 2000 X-Y recorder. Three-electrode operation 
was used with a dropping mercury electrode as a working 
electrode, a platinum counter electrode and a saturated 
calowel reference electrode. For differential pulse operation, 
the forced drop was 2 seconds, the pulse amplitude was 
50 mV and the potential scan rate used was 2mV/s. The 
dropping mercury electrode had (on open cicuit) a flow 
rate of 2. 37 mg s·! in Bri tton-Robinson buffer solution 
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(pB 2) at a mercury reservoir height of 65 cm. Traces of 
oxygen in the nitrogen gas used for deoxygenation were 
removed as described in chapter 4. The reference electrode 
was in contact with the polarographic cell by means of a 
potassium sulphate salt bridge. 
Reagents 
All chemicals were of analytical reagent grade. 
Standard potassium nitrite solution, approximately 
1 x 10-2 M 
0.0851 grams of potassium nitrite which has been dried 
for one hour in an oven at 105°C1 were dissolved with deoxy-
genated doubly distilled wate~and the solution was diluted 
to lOO ml in a calibrated flask.with the same solvent. Further 
dilutions were made from this solution using deoxygenated 
doubly distilled water. This solution was prepared freshly 
every 3 hours. 
Preparation of 1 x 10-l M of as.corbic acid solution 
1.7612 grams were dissolved with deoxygenated Britton-
Robinson buffer solution (pH 2). This solution was diluted 
to lOO ml in a calibrated flask with ~he same solvent. This 
solution was prepared freshly every 3 hours. Further dilutions 
wer~ made from this solution using deoxygenated Britton-
Robinson buffer solution (pH 2). 
Preparation of 1 x 10-2 M OPD solution 
0.1082 grams were dissolved with deoxygenated Britton-
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Robinson buffer (pH 2) solution~and diluted to 100 ml in a 
calibrated flask with the same solvent. This solution was 
prepared fre~h daily. 
Trebly distilled Mercury 
Trebly distilled mercury was supplied by Alexander 
Pickering and Co. Ltd., Slough England. 
Preparation of Britton-Robinson buffer solution (pH 2) 
Britton-Robinson buffer solution was prepared as 
indicated previously-in chapter 4. 
Procedure for the determination of nitrite using the 
oxidation current of ascorbic acid 
Pipette 5 ml ofascorbic acid solution of 1 x 10-l M; 
1 x 10-2 M or 1 x 10- 3 M and 0 to 5 ml of nitrite solution 
of 1 x 10-2 M; 1 x 10-3M or 1 x 10-4 M respectively ,into 
a 50 ml calibrated flask. Dilute to the mark with deoxygenated 
Britton-Robinson buffer (pH 2). Place the solution for 20 
minutes in a covered water-bath at 45°C. Cool the solution 
to room temperature. Place 35 ml of this solution into 
a polarographic cell thermostated at 20"C. Deoxygenate the 
solution for 10 minutes and record the polarogram between 
the potential - 0.300 V versus SCE7and the positive cut-off. 
Measure the oxidation current of ascorbic acid in the usual 
way. For the determination of nitrite at 1 1- 5 x 10- 5 M, 
Place the solution in a dark place for 90 minutes at room 
temperature instead~the 20 mjnutes in a covered water-bath (45"0) 
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Procedure for the determination of nitrite using the 
reduction current of the guinoxaline derivative 
-1 Pipette 5 ml of 1 x 10 M ascorbic acid solution 
and 0 to 4 ml of 2.5 x 10-3 M nitrite solution into a 50 ml 
calibrated flask. Add 35 ml of deoxygenated Britton-
Robinson buffer solution (pH 2), Place the solution for 
20 minutes in a covered water-bath at 45"C. Cool the 
solution to room temperature by placing it under a cold 
water tap. Add,using a pipette ,5 ml of 1 x 10-2 M of OPD solution. 
Dilute to the mark with deoxygenated Britton-Robinson 
buffer solution (pH 2) whjle maitaining a nitrogen 
atmosphere on the top of the solution mixture. Leave the 
solution at room temperature and in the dark for 50 minutes. 
Place 35 ml of this solution into a polarographic cell 
thermostated at 20"C. Deoxygenate the solution for 10 minutes? 
and record the differential pulse polarogram between the 
potentials - 0.900 V and 0.000 V versus SCE. Measure the 
first peak current in the usual way. 
Results and Discussion 
In attempting ~o study the stability of ascorbic acid 
at various concentrations, solutions of ascorbic acid (250 ml) 
having a concentration ranging between 1 x 10-2 M and 1 x 10- 5 M 
were prepared using deoxygenated Britton-Robinson buffer 
solution (pH 2). 35 ml of each solution was transferred in 
turn to a polarographic cell thermostated at 20°C,deoxyge-
/ 
nated for 10 minutes~and the polarogram recorded. The 
remainder of the solution was then divided into 4 parts 
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and placed in the dark in 50 ml glass stoppered calibrated 
flasks. All the flasks were stored in the cupboard in the 
dark and at room temperature. The stability of the ascorbic 
acid was followed polarographically after different periods 
of time. Solutions of ascorbic acid containing 10-2 M 
oxalic acid were also studied. 
Polarograms recorded of all these solutions gave a 
differential pulse polarographic peak at+ 0.240V versus SCE. 
Figure 8-1 shows a typical DC wave and a differential pulse 
polarograms for ascorbic acid. Ascorbic acid concentration 
was determined by monitoring both the oxidation wave and 
the peak current. The results are summarized in Table 8-1. 
The results presented in table 8-1 show the effective-
ness of oxalic acid in stabilizing ascorbic acid. However~ 
because the oxidation wave is so close to the anodic cut-off 
of the dropping mercury electrode ~r~~~se 
measurement of the current~very difficult. The study of 
the interaction of ascorbic acid-nitrite was made using 
a deoxygenated freshly prepared ascorbic acid solution 7 
and the reaction was followed for 150 minutes, the time in 
which the ascorbic acid solutio~ over the whole concentra-
tion range.studied, was found to be stable. Disodium ethylene-
diaminetetraacetate was also tried as a way to stabilize 
ascorbic acid solution but similar problems to the oxalic 
acid were observed. 
A linear relationship was observed between the diffusion 
current signal and the concentration of the ascorbic acid 
Differential pulse 
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DC Polarogram 
1 pA 
o.o + 0.2 (Volts) 
Figure 8-1. Typical differential pulse and DC polarograms 
of ascorbic acid (5 x 10- 4 M) in Britton-
Robinson buffer pH 2.0. 
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over the range 1 X 10· 4 M - 1 X 10-2 N and between the peak 
current signal and the concentration of the ascorbic acid 
over the range 1 X 10· 6 M - 1 X 10- 3 M. Tables 8-2 and 8-3 
show the linear proportionality between the current signal 
and the concentration. 
The reaction of the ascorbic acid and nitrite was 
investigated at room temperature and using deoxygenated 
Britton-Robinson buffer solution pH 2, acetate buffer 
solution pH 4.70 and borate buffer solution pH 9,20. 
Tha concentration of the two reactants was 1 x 10- 4 M. 
All the solutions were placed in a dark place and the 
reaction was followed by estimation of the ascorbic acid 
concentration from time to time. This was done polaro-
graphically by measuring the decrease of the oxidation 
current of ascorbic acid. The results are shown in Table 
8-4. The reaction rate was found to be higher at pH 2 than 
at pH 4,7 and 9.2. 
Table 8-5 shows the effect on the reaction when 
varying the concentration of ascorbic acid and the nitrite 
ions over 150 minutes. The reaction between 10 X 10-4 M of 
ascorbic acid and 1 x 10- 4 M or 5 x 10- 4 M of nitrite seems 
to be completed in about 90 minutes, The amount of ascorbic 
acid consumed per mole of nitrite is in the order of 2.6 
moles·when the nitrite concentration was 1 x 10-4 M~and 
1.26 moles when the nitrite concentration was 5 x 10-4 M. 
The coefficient of variation of the results of 7 tests for 
each of these concentration was less than 2.5%. From the 
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Table 8-1: Stability of various concentration of deoxy-
genated ascorbic acid solutions. Loss of 
Time/min 
150 
225 
300 
300 * 
ascorbic acid (in %) with time. 
Ascorbic acid concentration/M 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
7 
0 
0 
4 
* Deoxygenated ascorbic acid solution containing 1 x l0- 2M 
oxalic acid. 
Table 8-2: Size of diffusion current at·various concen-
tration of ascorbic acid. 
Ascorbic acid 1 X 10-2 5 X 10-3 5 X 10- 4 . 
concentration/M 
Diffusion current 
/)lA 59.44 30.70 3.090 
+ Difficult to measure • 
• 
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Table 8-3: Size of peak current at various concentrations 
of ascorbic.acid. 
Ascorbic acid 
concentration/M 
Peak current/pA 13.46 6.70 0.690 0.13~ 
Table 8-4: The percentage of loss of current of a 1 x 10-4 M 
ascorbic acid solution in the presence of 
1 x 10- 4 M potassium nitrite in different media. 
Time/min. 5 90 
Britton-Robinson 67 100 
buffer pH 4.7 
Acetate buffer 22 31.14 
pH 4.7 
Borate buffer 2.38 10.11 
pH 9.2 
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results presented in Table 8-5, it is clear that the amount 
of ascorbic acid which has been oxidized is much higher 
than the stoichiometry of 2:1; nitrite:ascorbic acid reported 
by Karrer and Bendas (4 9 ) under anaerobic. conditions. This~ 
probably due to the reaction of the nitric oxide)produced 
during the reaction of ascorbic acid and nitrite with 
oxygen 7 which has been introduced probably during the pipetting 
procedurES of various solutions, to produce additional 
oxidizing equivalents (nitrogen dioxide) and to other side reaction 
. ~ 
In an attempt to speed up the reaction, the solutions 
were 
0 0 t\1 placed ~n a water-bath, ~n nark, at a temperature of 
45•c. The stability of 2 x 10-4 M ascorbic acid was investi-
gated also at this temperature. The results are presented 
in table 8-6. The ascorbic acid solution at that concentration 
was found to be stable for at least 45 minutes. Table 8-6 
shows also the decrease of the anodic current of ascorbic 
acid due to its reaction at the concentration of 10-3 M 
with 5 x 10- 4 M nitrite. The reaction was completed in 
20 minutes, The amount of ascorbic acid consumed per mole 
of nitrite at the concentrations studied was 1.27 moles. 
The coefficient of variation of this test was less than 
2. 5%. 
The relationship between the concentration of nitrite 
and the decrease of the oxidation current of ascorbic acid 
was investigated. Very good linearity with a correlation 
coefficient of higher than -0.999, was observed at the 
nitrite concentration range of 1 - 5 x 10- 4 M and 0 - 5 x 10- 3 M 
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Table 8-5: The percentage loss of ascorbic acid concentra-
tion with time during its reaction with various 
concentrations of potassium nitrite. 
Ascorbic Nitrite Time/min acid con cent;::~-
con centra- tion/10 M 5 30 60 90 120 150 
tion/lo-4M 
1 1 67.2 81.5 92.0 100 
1.5 1 55.0 88.9 100 
2 1 43.1 83.9 95.6 100 
10 1 8.7 24.4 25.0 2(-,. 7 26.7 26.7 
10 5 47.4 55.1 60.i 63.3 63.1 63.3 
Table 8-6: The percentage loss of ascorbic acid in presence 
and absence of potassium nitrite at 45°C. 
Ascorbic Nitrite Time/min 
acid concentr!-
con centra- tion/10- M 15 20 30 45 60 120 
tion/l0-4M 
2 0 0 0 0 1 2.8 14 
10 5 62.6 63.6 63.6 65.4 65.6 74.7 
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when using 1 x 10-3 M and 1 x 10- 2 M of ascorbic acid 
solution respectively. Linearity was also observed 
at the nitrite concentration range of 0- 5x 10-5 M 
when using 1 x 10- 4 M of ascorbic acid solution but with 
a correlation coefficient of- 0.995. The values of the 
decrease of the current signals are summarized in Table 
8-7. Typical DP polarograms used to make a calibration 
graph are shown in Figure 8-2. 
Dehydroascorbic acid produced from the oxidation 
of ascorbic acid by nitrite in Britton-Robinson buffer 
solution at pH 2 did not give any polarographic wave 
between the potentials - 0.900 V and 0.000 V versus SCE. 
The condensation product of dehydroascorbic acid and OPD, 
Q-(1,2-dihydroxyethyl)-furo-(3,4-b)quinoxaline-1-one) gave 
thr~ed,fferentwaves. A condensation time of 50 minutes at 
room temperature and a molar ratio of approximately 1:10 7 
which were found by Ohmori et al. ( 48 ) to be the most 
suitable for the polarographic determination of dehydro-
ascorbic acid, were used here for determining the nitrite 
concentration. The relationship between the concentration 
of nitrite and the peak current at the potential - 0.590 
versus SCE was linear over the range 5 - 20 X 10-5 M of 
nitrite. Figure 8-3 shows typical differential pulse 
polarographic signals of a blank solution, 5 x 10-5 M, 
V 
10 ;10-5 M and 20 x 10- 5 M of potassium nitrite solution. 
205 
Table 8-6: Oxidation current of ascorbic acid obtained 
after reaction with various concentrations of 
nitrite using the recommended procedure. 
Nitrite con centra- Ascorbic acid (urrent signal 
tion/M . Concentration /pA 
/M 
0 1 X 10-4 1. 45 
1 X 10- 5 1 X 10- 4 1.212 
2 X 10-5 1 X 10- 4 0.88 
3 X 10- 5 1 X 10- 4 0.60 
0 1 X 10- 3 14.09 
1 X 10-4 1 X 10- 3 10.39 
3 X 10- 4 1 X 10-3 7.95 
5 X 10-4 1 X 10-
3 5. 39 
0 1 X 10-
2 61.81 
1 X 10- 3 1 X 10-
2 56.69 
3 X 10- 3 1 X 10-
2 48.97 
5 X 10-3 1 X 10-
2 38.97 
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Figure 8-2. Differential pulse polarograms obtained for the 
determination of nitrite. Ascorbic acid concen-
tration = l.O x 10-4 M. Nitrite concentration: 
A, 0; B, 1; C, 2 and D, 3 x l0- 5M. E = Britton-
Robinson buffer pH 2.0. 
207 
(E) 
(D) 
- 0.700 - o. 300 ·(Volts) 
Figure 8-3. Typical differential pulse polarograms of the 
. 
quinoxaline derivative obtained for the deter-
mination of nitrite using the recommended 
procedure. Nitrite concentration: A, 0; B, 2; 
C, 5; D, 10 and E, 20 x 10- 5 M. 
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Conclusions 
Nitrite is generally determined spectrophotome-
trically by measuring the colour formation during a 
diazctization reaction (5b-5?), More recently it has been 
determined by flow injection methods using spectophoto-
metry and by reduction procedures at a glassy carbon 
electrode (5S-59), The latter method depends upon reduction 
at + 0.300 V versus SCE in acidic bromide or chloride 
media. The present work has elucidated some aspect of the 
nitrite-ascorbic acid reaction and demonstrated the possibi-
lity of determining nitrite concentration polarographically 
using ascorbic acid as reagent. Linearity between the nitrite 
concentration and the oxidation current of ascorbic acid which 
has remained after its reaction with the nitrite was observed 
over the range 0 - 5 x 10-5 M; 1 - 5 x 10- 4 M; 0- 5 x 10-.3 M. 
Linearity was also observed between the concentration of 
nitrite and the reduction current of the quinoxaline 
derivative produced from the condensation reaction of the 
dehydroascorbic acid resulti~ from the oxidation of ascorbic 
acid by nitrite and a-phenylenediamine over the concentration 
range 5 - 20 x 10-5 M. Further studies are being made to 
determine nitrite by flow injection amperometry using an 
electrochemical1~pretrea ted glassy carbon electrodes (see 
chapter 10). 
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CHAPTER 9 
Assessment of Various Pumps, Electrochemical 
Detector Cells and Electrodes in Flow Injection 
Amperometry 
Introduction 
As with any analytical method, there has been a 
continuing search for the minimum detectable quantity of 
analyte which could be obtained in a flow injection 
amperometric system. Minimum detectable quantity is the 
amount of analyte required to give a signal X times greater 
than the noise (usually X = 2) when injected into the 
system. Figure 9-1 summarizes in graphical form the various 
parameters useful in evaluating detector performance in 
an amperometric flow injection system. These are signal 
current, background current and noise level. 
Two types of current contribute to the response 
observed. The first of these is the Faradaic response, due 
to redox processes either from the analyte or solvent 
impuritiesJand the seconq is the charging current, required 
to charge the double layer capacitance at the solution/ 
electrode interface, When the detector is operated at fixed 
potential, the charging current is not an issue. Once the 
potential is supplied to the cell and the background decays 
to an acceptably constant level only Faradaic contributions 
exist. 
The background current is principally a Faradaic 
current arising from the oxidation or reduction of 
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Figure 9-1. Graphical representation of various parameters 
useful in evaluating detector performance in 
an amperometric system 
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electroactive impurities in the eluent. Common sources of 
background current are oxidation or reduction of the solvent 
or buffer salts, oxygen (reductive), iron (II) ions 
(oxidative), metal ions (reductive) etc, in the eluent. 
For the simple and usual case where the background current 
is caused by the solvent, the current is exponentially 
related to the applied potential at both a positive and 
negative limit. Within these limits, the background response 
' ( 1) is fairly constant • 
Noise is the random or periodic pattern superimposed 
on the steady-state background signal. Usually it is 
measured from peak to peak. The noise represents the summa-
tion of spurious contributions caused by eluent flow 
fluctuation due to pump pulsations, a badly connected 
electrochemical cell, surface reactions, power frequency 
pick up, electrical pulses produced by other instruments 
received via the power cords or other connections, static 
electricity produced inside the system, electrostatic 
influence often exerted by the operator and electronic 
amplification (2) • 
As with most other quantitative measurements, the 
noise with an amperometric detector is dependent on the 
magnitude of the background signal. Generally the greater 
the background, the greater the noise , and the ratio of 
the noise to the background current stays approximately the 
same. The noise follows the same trend as the background 
current. As the minimum detectable quantity is dependent on 
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the noise level, when the noise level rises so necessarily 
must the detection limit. Since noise level is dependent on 
potential, it follows that the smallest minimum detectable 
quantities will occur in cases where the substances of 
interest are easily oxidized or reduced. 
The parameter most useful for analytical comparison 
is the signal-to-noise ratio (SNR), the importance of this 
parameter is shown in the following example: an extremely 
responsive electrode may be equally noisy, just as the 
apparent baseline quiescent of another electrode may be due 
to passivation, thus rendering it worthless. Neither 
situation may be evaluated by comparing just the signal or 
just the noise. 
The temperature is an important factor in amperometric 
measurements. It affects the response because oi its influence 
on the rate of diffusion of molecules to the electrode 
surface and its influence upon the rate of the reaction 
of molecules reaching the surface. Miner (J) found that 
the temperature dependence ranges from 0.6% to 5% psr 'C 
Limiting currents for wall-jet electrodes are a function 
of the two thirds power of the diffusion coefficient. The 
temperature dependence for any analyte is also a function 
of the potential applied to the detector and the half-wave 
poten~ial of the individual compound. He also found that 
at seventy millivolts or more above the half-wave potential, 
where diffusional variability alone determines the signal 
size, the dependence is relatively constant. At or below 
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the half-wave potential, dependence rises sharply. He 
observed that this trend was consistent with that which 
would be calculated from the Nernst equation. He also found 
• that the half-wave potential changes approximately 1 mV ~er C 
for most of the compounds which he studied. He evaluated 
the effect of the temperature on the background current 
and noise at a glassy carbon electrode/and found that the 
shape of the temperature dependence of the background 
current appeared to be similar to that of the analytes. 
The temperature dependence of the noise level was relati-
vely constant over the range 0 - 20°C and then it increased 
rapidly. A plot of the calculated signal-to -noise ratio 
as a function of temperature gave a peak, its location 
varied from 15•c for an analyte with relatively small 
temperature dependence 7 to 50"C for a highly temperature 
sensitive analyte. However since the maximum change in 
SNR observed over the range 0 to so•c was only by a 
factor of 2, it appears to be of little advantage to alter 
the temperature of the detector for enhancement of signal-
to-noise ratio. 
Apart from the direct effect via the working electrode, 
the reference electrode may also be involved in the 
temperature sensitivity as the temperature coefficient of the 
the silver-silver chloride and calomel electrode potentials 
are : 1 mV per•c(4) and -0.3 mV per"C( 5) respectively. 
In this chapter, an assessment has been made of the 
relative performances of various pumps, electrochemical 
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cells and electrodes for use in a flow injection ampero-
metric system. The findings are discussed in detail. 
Experimental 
Figure 9-2 is a diagrammatic representation of a 
typical flow injection amperometric system incorporating 
a potentiostatic controller, an electrochemical cell and 
a Tarkan X600 Y-T recorder used in this assessment. Injection 
of analyte (75 ul) was made by means of a low pressure 
Rheodyne valve (5020). The valve was connected to the 
electrochemical detector cell with 1 m of 0.58 mm bore 
Teflon tubing. Eluents were degassed using a water-tap 
vacuum pump after being deoxygenated with nitrogen gas. 
d. 
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Figure 9-2. Diagrammatic representation of a typical flow 
injection arnperometric system. 
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Results and discussion 
Performance of different types of pumps in a flow 
injection system 
Since the flow of liquid in the system is the primary 
means of mass transport to the working electrode surface, 
any fluctuations or pulses in this flow cell, will be 
I 
reflected directly as noise on the observed signal. Three 
types of pump; peristaltic, single headed piston and 
pressurized gas were assessed. The eluent in this investi-
gation was 40:60 water: methanol containing 0.1 M acetate 
buffer as electrolyte. The potentiostat,controller and the 
electrochemical detector cell used in this part of work 
were LCA 15A and LCA 13 respectively. 
Propelling the eluent with a peristaltic pump 
(Ismated Mini-S- PeristalticPump), gave some noise which 
was mainly due to the flow pulsation. The size of the noise 
level was found t~ increase when the potenti~l applied to the 
the detector cell was increased gradually from + 0.400 to 
+ 1.20p V and when the flow rate was increased. Tables 
9-1 and 9-2 show the variation of the noise level with the 
potential applied and the flow rate. Connecting a Ber1amin 
type pulse dampener between the pump and the injection 
valv~ reduced the noise level from 1.6 nA to 0.20 nA when 
working at a flow rate of 4 ml permi~ The dampener was made 
as described by Ber~min ( 6 l, from glass and had an inner 
volume of 15 cm3 • During operation, the bulb remains partly 
.. 
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Table 9-1: Effect of applied potential at the glassy 
carbon electrode on the noise level. Flow 
rate= 2.5 ml/rnin. 
Potential/V + 0.00 + 0.40 + 0.80 + 1.20 
Noise current/ 
nA 0.06 0.06 0.24 1.20 
Table 9-2: Effect of flow rate on noise level. Glassy 
carbon electrode held at +.0.80 V versus SCE. 
Flow rate (rnl/rnin) 1 2.5 4 
Noise current/nA 0.12 0.25 1.6 
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filled with air which acts as the dampener. Earthing the 
eluent between the peristaltic pump and the injection 
valve reduced further the noise signal to 0.1 n.~ 
This was done by placing a platinum wire in the pulse 
dampener device so that one side of the wire is in contact 
with the eluent and the other side is connected to a earth 
source. This further reduction of the noise signal is due 
to elimination of the static electricity pulses generated 
by the peristaltic pump. Figure 9-3 is a schematic repre-
sentation of the pulse dampener .device. 
The flow of eluent generated by a Gilson 302 single 
headed piston pump was not entirely pulse-free. To obtain 
a pulse free stream it was necessary to use the dampener 
device described earlier. The use of 5 metres of narrow 
bore tubing (0.3 mm) did not eliminate completely the 
pulsation noise when the glassy carbon electrode was held 
at a potential of + 0.800 V versus SCE. The ACS 300 pump 
a single headed piston pump was unsuitable for flow injection 
analysis as it works only at high pressures; at low pressure 
it switched off automatically. The use of the ACS 500 pump 
was found to produce a pulse free flow. This type of pump 
however, is highly sensible toward degassing of the eluen~ 
and has a limited workable pH range,as most of the interior 
pump tubing in contact with the eluent b made from 
stainless steel. 
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The use of a Metrohrn pressurized gas bottle was found 
to be the most suitable for a single channel flow injection 
amperometric system,as it generates an absolutely•pulse-
free flow, free from interfering electric disturbances. The 
noise level was less than 0.03 nA when working at a flow 
rate of 4 ml permin and holding the glassy carbon electrode 
at a potential of + 0.800 V versus SCE. This pneumatic 
pump has several advantages. It is very low in cost and 
easy to construct. The presence of an inert gas (normally 
nitrogen) on the top of the eluent also helps to reduce 
any oxygen interference. 
In a flow injection amperometric system a gas pressuri~ 
zed pump will provide the lowest cost per ~hannel when 
the pressure required to propel the eluent in the system 
is lower than 1 bar. If a pressure higher than 1 bar is 
needed, the use of both a peristaltic pump and dampener 
d•vice will provide the lowest cost per channel. 
Performance of the injection valve (RheodYne valve 5020) 
The injection of a sample with any rotating sample 
valves causes a slight interruption in solvent flow 
resulting in a sharp irreproducible peak just before the 
main peak when the instrument sensitivity is moderately 
high~ This peak, which is commonly used as an injection 
marker in high performance liquid chromatography, dictates 
the limit of detection in a flow injection amperometric 
system. It increases with the flow rate and with the back-
ground current and is more pronounced with a sessile mercury 
. ' 
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than with a glassy carbon electrode. This peak was found 
to he-decreased by increasing the low pass filt~r,and 
the signal to noise ratio was found to improve when varying 
the low pass filter from 0.3 to 3 seconds. Table 9-3 
represents the values of the peak noise from the injection 
valve (PNIV), the current signal resulting from the 
injection of deoxygenated solution containing 0.25 ppm 
of bromide into a deoxygenated l M sulphuric acid solution 
and the signal to PNIV ratio. Further improvement of the 
signal to PNIV ratio was made by connecting a by-pass tube 
in parallel to the injection valve as indicated in Figure 
9-4. The length and diameter of the by-pass tube was found 
to be very critical as they may increase the dilution 
factor of the sample. The best results were obtained when 
a tube length equal to the length between the inlet and 
the outlet of the injection valve was used, with a bore 
size slightly smaller than the one attached directly to 
the injection valve. Table 9-3 illustrates the importance 
of the presence and absence of the by-pass tube. Although 
the sensitivity of the method decreases slightly due to 
slight dilution factor the signal to PNIV ratio increases. 
Performance of different electrochemical detectors 
A commercial LCA 13 wall-jet cell, EDT electrochemical 
detector cell and a laboratory built detector cell were 
assessed. The commercial detector cell holds a saturated 
calomel reference electrode, a stainless steel counter 
electrode and a glassy carbon electrode (Figure 9-5). The 
Eluent 
.. 27.5-
mm 
________ , __ . 
platinum 
wire 
...-----
+I~ 
2 mm 
_______ +- Eluent 
Figure 9-3. Schematic representation of the pulse 
dampener device. 
Detector 
Y-connection 
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waste 
/ 
Lf1 Syringe port _______ _.: 
sample loop 
By-Pass tube 
Y-connection 
Pump 
Figure 9-4. Schematic representation of the injection 
valve with the by-pass tube. 
225 
Table 9-3: Current values of PNIV; curr.ent signal of 
bromide (0.25 ppm) and signal to noise ratio 
Low pass 
fiter/s 
PN IV /nA 
Current 
signal/nA 
at different low pass filter in the presence 
and absence of the by-pass. E= ,o.:lO<:lV · 
0.3 
38 
llO 
Absence of 
by-pass 
l 
10 
72 
3 
4 
36 
Presence of 
by-pass 
0.3 l 
6 2 
70 40 
3 
0.8 
26 
Signal/Noise 2.9 7.2 . 9 ll. 7 20 32.5 
Reference 
electr-o~d~e--~--~~~ 
(Ag/A~Cl 
vrith Cera-
mic '"el junction) 
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Fi~ure 9-5. Schematic representation of LCA 13. 
Electrochernical detector cell. 
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second detector holds only the glassy carbon electrode. 
The noise level observed was identical in the two cells. 
The EDT cell was found to be very sensitive to air or gas 
bubbles trapped inside the flow injection system. The 
laboratory built cell was simple and inexpensive to cons~ 
truct. However, it is not as neat in use as the enclosed 
cell because of the need to immerse it in electrolyte. 
This configuration has however, two distinct advantages 
over the commercial detector. The first is that any air 
bubbles that are formed cannot be trapped in the system. 
The second advantage is the possibility of controlling the 
temperature of the cell by thermostating, using a water 
jacket, the temperature of the electrolyte in which the 
cell is partially immersed. The commercial cell would 
need to be placed in an oven to control its temperature. 
Performance of glassy carbon and sessile mercury 
electrodes 
Glassy carbon electrode 
The most important difficulty found when employing 
glassy carbon electrodes in a flow injection amperometric 
system or statically was the mechanical problem of avoiding 
leakage between the glassy carbon and the electrode body. 
These electrodes usually begin to leak after a few months 
of use because of repeated polishing. The state of the 
electrode was checked by running linear sweep voltammo-
grams of an acid solution (usually 0.1 M H2 so 4 ) and measuring 
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the current at a potential of + l.OOV versus SCE using 
a potential scan rate of 20 mV/s. A current higher than 
2 l pA, when a surface of 0.180 cm was used, indicated the 
beginning 
method(?) 
I 
of a leakage. The use of Henriques and Fogg s 
for repairing a leaking electrode was found to 
be very effective. 
The use of a highly polished glassy carbon electrode 
generally gives a more reproducible result and improves the 
sensitivity of the technique. Preconditioninq the glassy 
carbon electrode by pretreating it electrochemically was 
found to activate the surface of the electrode by increasing 
the oxygenated functional groups (B-9). These changes may 
affect the electrochemistry of various electroactive 
species (see chapter 10). 
Drift of the background was observed after applying 
a potential to the cell and after potential changes. It 
was noticed that a freshly mounted working electrode needs 
up to one hour to stabilize and obtain an acceptable drift 
of 1% full scale deflection at a sensitivity of 10 nA per 
5 minutes. An electrode which has been used forafew hours 
stabilizes faster after· switching on potential and eventually a 
few minutes are sufficient. 
Sessile mercury electrode 
The sessile mercury electrode is described in chapter 4, 
the use of this electrode was assessed at a potantial 
where oxygen interference is minimal and deoxygenation is 
not a critical issue. It was found that there is a small 
229 
potential window between the potential of the oxidation 
of the mercury and the reduction of the oxygen, where the 
background current is very low. The PNIV when wor~ing at 
this potential window was quite high if compared with a 
glassy carbon electrode, due to the sensitivity of.the 
mercury drop inside the cup to flow rate changes. 
Conclusion 
Designing a flow injection analyzer generally depends 
on the particular requirement of the user. However from 
the present assessment of various flow injection components, 
the use of~gas pressurized bottle with a thermostated 
laboratory built electrochemical cell 7 holding a highly 
polished and possibly preconditioned glassy carbon electrode) 
is recommended for use with a single channel flow injection 
amperometric system. 
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CHAPTER 10 
Effect of Electrochemically Pretreating a 
Glassy Carbon Electrode on its Oxidative 
Response to Nitrite in a Flow Injection 
Amperometric System 
Introduction 
One of the serious difficulties with glassy carbon 
electrodes is the extreme dependence of the apparent rate 
of many redox reactions on the surface state of the electrode. 
Generally the quantitative results obtained for certain redox 
couples depend intimately on the method of preparing the 
electrode surface immediately before analysis, as well as 
on the prior history of the electrode. There are consi-
derable differences of opinion on the pretreatment of 
electrode surface to get reproducible results. There have 
been several previous indications that careful attention 
to electrode polishing and cleaning could produce an elec-
trode of very good activity (l-3), One of the most impressive 
examples described to date is the procedure of Robbat (4) 
which involves high-speed metallographic polishing with 
successively smaller particl~ size silicon carbide (SiC), 
diamond paste, and alumina. This procedure yielded reversi-
ble cyclic voltammograms for the r~duction of ferricyanide 
ions'in 1 !1 KCl at scan rates up to 1 V s-l and was success-
fully used for a quantitative study of the electro-oxidation 
of benzothiophene, Engstrom et al. (l) polished the electrode 
manually on a glass slide with SiC followed by alumina to 
activate the electrode for the oxidation of ferrocyanide. 
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Polishing with 1 fm diamond paste followed by extensive 
refluxing in toluene provided a 
potential for 
( 5 ) have used 
the oxidation of 
300 mV decrease in over-
ascorbate ( 2 ). Kamau et al. 
a modification of the Robbat approach. They 
activated the glassy carbon electrodes by high-speed 
polishing with successively smaller particle ·size SiC, 
diamond paste and )-alumina and ultrasonic cleaning, for 
the anodic oxidations of ferrocyanide, ferrocene, ascorbate, 
and catharantine. Electron spectroscopy showed that the 
highly polished electrodes had a higher oxygen content 
in the outer 20 - 30 nm than in the bulk material or in 
unactivated electrodes. 
Chemical pretreatment has also been reported. Taylor 
and Humfray (G) noted that dipping a freshly polished 
glassy carbon electrode in chromic acid produced a signi-
ficant increase in the rate constant for the iron (III)/ 
iron (II) system. 
Blaedel and Jenkins 
required preconditionrn8. 
found that glassy carbon electrodes 
( 7-8) 
and pretreatment • Pretreat-
ment, performed immediately before an experiment, consisted 
of applying + 1.35 V and - 1.35 V for 2 minutes each. Pre-
conditionins , performed at any time in the history of the 
electrode, consisted of cycling the electrode repeatedly 
between the two voltages mentione~ · before. After such 
pretreatment the half-wave potential for the oxidation 
of dihydronicotinamide adenine dinucleotide became less 
anodic by approximately 0.3 volts. 
233 
Engstrom (lO) has studied the electrochemical pre-
treatment of glassy carbon electrodes. He investigated the 
effect of pre-anodization and pre-cathodizatiori on the 
electrochemical oxidation of hydroquinone, ferrocyanide and 
hydrazine. He noticed that pre-anodization of the glassy 
carbon electrode at a voltage greater than 1.5 volts versus 
SCE was required to activate a freshly polished electrode 
towards hydroquinone. Ferrocyanide and hydrazine also 
required pre-cathodization at a potential - 1.0 volt versus 
SCE. Pretreatment resulted in a substantial improvement in 
the half-wave potential of the voltammetric wave and in the 
reproducibility of the wave. From his obs~ations, he sugges-
ted that three different surface conditions exist on the 
glassy carbon electrode during the course of the pretreatment. 
The first surface condition on a freshly polished electrode 
is a relative condition due to the lack of functional groups 
on the surface,or to the presence of impurities which may 
have come from the polishing step 7 or the carry over of the 
electrode housing material. The second type of surface con-
dition occurs after anodization, which activates the surface 
as well as forming deposited material, mainly an oxide.layer. 
He suggested that the activation of the electrode surface 
in this second condition must involve either the oxidation 
of the surface to produce functionalities capable of cata-
lysing the electrochemical reaction or the oxidative removal 
. 
of impurities from the surface. The third surface condition 
is that of the activated electrode after the oxide layer has 
been cathodically reduced. 
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The Engstrom procedure was found to be useful for 
enhancing the amperometric detection of hydrazine after 
liquid chromatography ( 23) 
Electrochemical pretreatment using an alternating 
current (AC) waveform has also been reported on carbon 
(25-27) 
electrodes • For this purpose the carbon surface 
was subjected to + severe treatment, usually - 4 volts at 
30 - 70 Hz for 4 to 6 minutes. This procedure provided 
a voltammetric differentiation of ascorbic acid and dopamine. 
Blaedel and Mabbott ( 9 ) have illustrated that similar 
treatment of the glassy carbon surface can improve its 
catalytic ability toward the ferrocyanide (II)/ferri-
cyanide (III) system. Wang and Hutchins ( 2 4) have described 
a detailed examination of the effect of AC pretreatment 
on a variety of redox reactions at the glassy carbon 
electrodes. All compounds tested (uric acid; dopanine; 
hexacyanoferrate (II); ascorbic acid; oxalic acid and 
benzoquinone) exhibited lowering of the overpotential by 
110 mV- 300 mV, compared with a highly polished bare 
glassy carbon electrode. 
Electrochemical pretreatment of glassy carbon electrodes 
is believed to introduce or alter the nature of functional 
groups on the electrode surface ( 7 l. These groups might 
serv~ as mediators of electrons between the electrode and 
the electroactive species (l2 ). Quinone functionalities 
appear to be likely candidates as mediators, since there 
is substancial evidence suggesting 
groups on oxidized carbon surfaces 
the presenc~ of such 
(11~18). 
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Other specific procedures have been shown to increa-
se the rate of various redox reactions at the glassy 
carbon electrode. These include activation by radio-frequency 
plasma (l9), dispersion of metal oxide particles e. g. 
0<-alumina ( 2 0) and heating the glassy carbon to 500 'c (2l). 
Electrochemical pretreatment procedures appear to 
be very promising methods of achieving surface modification 
in terms of the extent of the overpotential decrease, 
stability and convenience. Despite this previous work, 
electrochemical pretreatment of glassy carbon electrodes 
for use in electrochemical detector cells in HPLC systems 
does not appear to be practiced widely. This must in part 
be due to the still limited information on applications 
where electrochemical pretreatment has been shown to be 
advantageous 1 and further work is required to investigate 
the wider applications and the durability of such pre-
treatments. In many HPLC applications of electrochemical 
detection currently in use1seemingly good sensitivity and 
detection limits are obtained, simply by using newly 
polished glassy carbon electrodes. In examples where irre-
versible electrode reactions are being used, however, it 
may· subsequently be found that sensitivities, detection 
limits and precision can be improved by electrochemical 
pretreatment. 
The purpose of this chapter is to examine the effect 
of pretreating the glassy carbon electrode on-line in a 
flow injection system and to test the effectiveness of that 
' 
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pretreat~ent on an electroactive compound which would~ 
oxidized electroche~ically at high positive potentia}.. 
The effect on the background current and on the hydro-
dynamic voltammogra~s in four different media is examined 
and the analytical capability of an untreated and pretreated 
electrodes in a flmving system is investigated. 
Experimental 
Flow of eluent was produced by ~eans of·a gas-
pressurized bottle and injections of lOO pl were made 
using a Rheodyne injection valve (5020). The injection 
valve was connected to a laboratory built electrochemical 
detector cell which can fit a Metrohm glassy carbon electrode 
(EA 286), by means of a suitable length of 0.58 mm bore 
tubing. The glassy carbon electrode was a repaired electrode 
prepared using the method recommended by Henriques and 
Fogg ( 28 ). The detector cell with the platinum counter 
electrode and the calomel reference electrode were partially 
immersed in an electrolyte similar to the eluent being used. 
Nitrogen gas was used to control the flow rate of the 
eluent. The potential required at the glassy carbon elec-
trode was maintained using a PAR 174A polarographic analyzer 
(Princeton Applied Research). Current signals were recorded 
on a Tarkan X600 Y-t recorder. 
Reagents 
Eluen~, at a concentration of 0.1 M of sulphuric acid, 
potassium nitrate, phosphate buffer pH 7 and sodium carbonate 
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decahydrate were prepared from analytical reagent grade 
and doubly distilled water. Potassium nitrite was first 
dried at 105~ for an hour and 10-2 M solutions of potassium 
nitrite were made freshly every day. More dilute solu-
tions were prepared by diluting that solution with the 
eluent being used except for the sulphuric acid eluent, 
dilution in this case being made with doubly distilled 
water. 
Procedure 
Electrodes were hand polished for two minutes with 
0.3 pm ~-alumina slurry. All polishing media were kept 
wet with doubly distilled water (DDW) during polishing. The 
electrodes were rinsed thoroughly with DDW. Experiments were 
usually performed .on freshly polished electrodes and then 
again after the electrodes were pretreated electroche-
mically. The electrode was inserted in the detector cell 
and 100 pl aliquots of 10-4 M nitrite solution were injected 
into the eluent which was·_eluted at a flow rate of 6 ml min-1 • 
Results and discussion 
A variety of electrochemical treatment procedures for 
glassy carbon electrodes involving applications of high 
anodic and cathodic potentials for different periods of 
time, or simply cycling the electrode potential between 
t (1-20) positive and nega ive potentials have been reported • 
While in all these cases, pretreatments of the electrodes 
were carried out in solution containing the electrolyte or 
238 
the analyte under investigation and the results obtained 
were interpreted from the cyclic or the linear sweep 
voltammograms. It was desired to examine the effect of 
pre-anodization and pre-cathodization in a flowing system 
where a continuous flow of eluent was kept running during 
the pretreatment procedure. A freshly polished glassy 
carbon electrode was placed in the laboratory built detector 
cell in a flow injection system and eluent was eluted. 
A potential suitable for the determinat~on cif nitrite 
was applied at the electrode, 100 pl of 10- 4 M of nitrite 
was injected and the current produced was monitored. After 
repolishing the electrode and replacing it in the cell 
a combination of high positive and negative potentia~ 
were applied at the electrode for different time intervals 
as a pretreatment procedure, This procedure was repeated 
for all the supporting electrolytes used in this investi-
gation. It was observed that the signal obtained was 
dependent on the length of time and the potential at which 
the electrode was held. All the results obtained are 
summarized in table 10-1. A comparison of the current signal 
which results from the injection of the nitrite solutiono~o 
an untreated and a pretreated electrode showsa considerable 
improvement in the reproducibility of the signal in the 
pretreated case. Sequential injections of 100 pl of 10-4 M 
nitrite at an untreated glassy carbon electrode resulted 
in a steady decrease in the observed current signal~ This 
decrease is the result of the adsorption of the oxidation 
product of the nitrite at the electrode surface. By pre-
treating the electrode electrochemically the adsorption 
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Table 10-1: Effect of the electrochemical pretreatment of 
Me d.iultl 
p 
p 
p 
p 
p 
p 
p 
p 
p 
p 
p 
c 
c 
·c 
c 
C· 
c . 
c 
the glassy carbon electrode on the anodic current 
of nitrite. Nitrite concentration=l0-4 M. 
Potential/ Time c.v. Peak Background R 
V interval current current/pA 
/min /pA 
-,, 5.2 0.22 23.6 
+ 1. 50 2 " 8.2 1.10 7.45 
+ 1. 50 5 {~ 8.4 1.10 7.63 
+ 1. 50 10 0.7 10.0 1.10 9.09 
+ 1. 75 2 0.7 9.4 1.10 8.54 
+ 1. 75 5 0.7 10.0 1.10 9.09 
+ 1. 75 10 0.7 10.0 1.10 9.09 
+ 2.00 5 0.7 9.6 1. 50 6.40 
+ 1. 50 5 0.7 12.4 1. 50 8.85 
- 1. 00 1 
+ 1. 75 5 0.7 12.4 1. 50 8.85 
-
1. 00 1 
+ 2.00 5 0.7 12.0 1. 60 7.50 
-
1.00 1 
* 4.0 2.8 1. 42 
+ 1. 75 2 0.7 5.3 5.0 1. 07 
+ 1. 75 5 0.7 6.0 5.0 1.20 
+ 1. 75 10 0.7 6.0 5.0 1.20 
+ 2.00 5 0.7 6.0 7.0 0.85 
+ 1. 75 5 0.7 7.76 10.0 0. 77 
- 1. DO 1 
+ 2.00 5 0.7 7.76 10.0 o. 77 
- 1. 00 
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Medii-M Potential/ Time C. V. Peak Background R 
.v interval current current/pA 
/r.Jin /pA 
s * 8. 8 5 0.30 29.5 
s + l. 50 2 0.7 9.40 1.0 9.4 
s + l. 50 5 0.7 10.00 1.0 10.0 
s + l. 75 5 0.7 10.40 1.0 10.4 
s + l. 50 5 0.7 12.20 l. 50 R.l 
- l. 00 1 0.7 
s + l. 75 5 0.7 12.00 l. 50 8.0 
- l. 00 1 
N * 7.9 0.35 22.6 
N + l. 75 5 0.7 9.2 4.0 2.3 
- l. 00 1 
N + l. 75 5 0.7 9.2 4.0 2.3 
- l. 00 1 
p = Phosphate buffer(O.l M) .pH = 7. 
c = Sodium carbonate(O.l M) • 
s = Sulphuric acid(O.l M) • 
N = Potassium nitrate(O.l M) • 
C. V. = Coefficient of variation of 5 measurements. 
* = Continuous decrease of signals with successive nitrite 
injections. 
R =.Ratio of the current signal to the background current. 
The electrode was held at +1.10 V, 1.00 V, 1.40 V and 1.20 V 
versus SCE when using phosphate buffer, carbonate solution, 
sulphuric acid solution and nitrate solution respectively. 
241 
was eliminated. 
Increase of the current signal also occured with a 
pretreated electrode especially when using phosphate and 
sulphuric acid media. The current signal was nearly doubled 
when using phosphate buffer 7and after employing an electrode 
which has been pre-anodized for 5 minutes at 1.75 volts 
versus SCE. Similar behaviour was also observed from 
an electrode which had been pre-cathodized after it had 
been pre-anodized. 
As a result of the enhancement of the electrochemical 
kinetics following the electrochemical pretreatment, a subs-
tantial increase in the background current also occured 
(see table 10-1). This result is in agreement with Bjelica 
et al. ( 3 ) who reported that the differential capacity of 
the glassy carbon increased after pretreating the electrode 
and that this results in an increase in the background 
current. The magnitude of the increase in this· present 
work was much higher than had been reported previously (l,lO) 
because of the high potential (1.0 volt) used to 
monitor the anodic current from the oxidation of the nitrite. 
Effect of the electrochemical pretreatment of the 
glassy carbon electrode on the hydrodynamic voltammograms 
The hydrodynamic voltammograms for oxidation of 
nitrite at both untreated and pretreated glassy carbon 
electrodes have been examined. The pretreatment procedures 
used were to anodize the electrode at 1.75 V versus SCE 
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for 5 minutes or to anodize and then cathodize the electrode 
at - 1.00 V versus SCE for one minute. The hydrodynamic 
voltammograms are presented in Figure 10-1 and the results 
are summarized in Table i0-2, Sharper voltammograms were 
obtained after pretreating the electrode. Shifts of the 
oxidation processes to less anodic potentials ( 200 to 300 mV) 
were also observed. The hydrodynamic voltammograms·of the 
phophate buffer eluent and the sulphuric acid eluent, 
presented in Figure 10-2, show that the anodic decomposition 
potentials have shifted to lower anodic potentials. The 
size of the anodic current signals of the nitrite at the 
plateau of the hydrodynamic voltammograms when similar 
electrolytes were employed, were nearly equal for untreated 
and pretreated electrodes. In order to understand the 
variation of both th~ current signal and the background 
current, calculation of the ratio of the former current 
over the latter current was made at various potentials 
and for both untreated and pretreated electrodes. This ratio 
,, '' (which has been named R value here) is si~ilar to the 
ratio of the signal to noise level as the noise level 
generally depends on the background current in flow injection 
amperometric systems. While at any fixed potential, the R 
values, when employing the same electrolyte generally 
decreased in the order untreated ) pre-anodized electrode 
)pre-anodized followed by pre-cathodized electrode and 
because of the potential shift, a comparison of the R values 
at a potential where the size of the current is similar 
for untreated and pretreated electrodes shows that the R 
values have actually increased. For example in sulphuric 
~ 
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Figure 10-1. Hydrodynamic voltammograms of nitrite (10-4 M) 
in different media using untreated and pre-
treated glassy carbon electrode, 
(-) Untreated electrode. 
(-- -) Pretreated electrode by pre-anodization. 
(----) Pretreated electrode by pre-anodization 
followed by pre-cathodization. 
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Table 10-2: Effect of chanGing the potential on the peak 
current, background current and the coefficient 
of variation (C.V.). 
Media Type of Pot8ntial Peak Back- C. V. R 
pretreat- /V current ground in 
men t /11A current % 
/11A 
p A + 0.70 0.03 0.05 "5.6 0.6 
p A + 0.80 0.30 0.07 "3.5 4.3 
p A + 0.90 l. 05 0.09 *2. 5 11.7 
p A + l. 00 2.65 0.15 *2. 5 17.7 
p A + 1.10 5.16 0.22 *2.0 23.4 
p A + 1.20 7.96 0.37 *1. 5 21.2 
p A + l. 30 10.80 0.75 *1.1 14.4 
p A + l. 40 11.88 1.30 0.5 9.1 
p A + l. 50 11.88 8.00 0.5 1.5 
p B + 0.70 0.10 0.07 *4.1 1.4 
p B + 0.80 1.36 0.15 lf2. 9 9.0 
p B + 0.90 3.72 0. 25 ~~1.1 14.9 
p B + l. 00 6.80 0.52 0.5 13.1 
r --~ 
p B + 1.10. 9. 20 1.10 0.5 8.4 
p B + 1.20 10.4 2.25 0. 5 4.6 
p B + l. 30 10.4 5.00 0. 5 2.1 
·P B + l. 40 9.2 10.0 . 0. 5 0.9 
p B + l. 50 6.4 16.2 0.5 0.4 
p c + 0.70 0. 26 0. 2 5 *3.2 1.0 
p c + 0.80 2.27 0.4 *2.2 5.7 
p c + 0.90 6.40 0.9 ~:-1. 0 7.1 
p c + l. 00 9.12 1.10 0.5 8.3 
p c + 1.10 10.56 l. 35 0. 5 7.8 
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~1edia Type of Potential Peak Back- C. V. R 
pretreat- /V current ground in 
ment /p.A current "' I' /)lA 
p D + 1.20 11.60 2.5 0. 5 4.6 
p D + l. 30 11.36 4.9 0. 5 2.3 
p D + l. 40 9.70 10.3 0. 5 0.9 
p D + l. 50 7.68 16.0 0. 5 0.5 
c A + 0.70 0.06 o. 25 "4.4 0.2 
c A + 0.80 0. 51 . 0.40 "3.9 1.3 
c A + 0.90 l. 54 1. 50 *1.2 1.0 
c A + 1. 00 3.32 2.80 0. 5 1.2 
c A + 1.10 5.40 7.0 0.5 0.8 
c A + 1.20 2. 52 18.0 0.5 0.1 
c B + 0.70 0.04 0.40 *1. 0 0.1 
c B + 0.80 1.20 0.75 0.5 1.6 
c B + 0.90 3. 72 3.00 0.5 1.2 
c B + 1. 00 5.84 7.00 0.5 0.8 
c B + 1.10 7.60 11.0 0.5 0.7 
c B + 1.20 2.40 21.0 0. 5 0.1 
s A + 0.80 0.02 0.006 ·~2. 0 3.3 
s A + 0.90 0. 25 0.015 *5.5 16.7 
s A + 1. 00 1.23 0.03 ''2. 8 41.0 
s A + 1.10 2. 82 0.05 *2 .1 56.4 
s A + l. 20 4.88 0.10 *1. 6 48.8 
s A + l. 30 6.50 0.20 *1. 5 32.5 
s A + l. 40 8.80 0.30 *1. 5 29.3 
s A + l. 50 10.56 0.85 ''1. 4 12.4 
s A + l. 60 11. 6 1. 50 *1.3 7.7 
s A + l. 70 10.4 6.50 *1.1 1.6 
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Media Type of Potential Peak Back- C. V. R 
pretrea t- /V current ground in 
ment /p.A current % 
/JJA 
s B + 0.80 0.08 0. 01 ~~ 5. 0 8.0 
s B + 0.90 3.36 0.05 lf 3. 5 67.2 
s B + l. 00 6.48 0.10 "1. 3 64.8 
s B + 1.10 8.80 0.20 "0.9 44.0 
s B + 1.20 9.76 0.40 0. 5 24.4 
s B + l. 30 10.32 0.60 0. 5 17.2 
s B + l. 40 10,56 l. 00 0. 5 10.6 
s B + l. 50 10.56 l. 75 0. 5 6.0 
s B + l. 60 9. 52 6.0 0. 5 1.6 
N A + 0.70 0.06 o. 01 lf 5. 0 6.0 
N A + 0.80 0.50 0.05 "2. 5 10.0 
N A + 0.90 l. 50 0.10 *2.2 15.0 
N A· + l. 0 3.36 0.20 lf2. 2 16.8 
N A + 1.10 5. 20 0.30 *2. 0 17.3 
N A + l. 20 7. 92 0.35 lfl, 6 22.6 
N A + l. 30 10.08 0.90 *1.4 11.2 
N A + l. 40 11.20 l. 80 *1. 0 6.2 
N A + l. 50 10.16 6.00 0. 5 1.7 
N D + 0.70 0.12 0.15 *2.2 0.8 
N D + 0.80 3.09 0.30 lfl, 9 10.3 
N D + 0.90 7.20 0.50 lfl, 5 14.4 
N D + l. 00 9;70 0.90 *1. 0 10.7 
N D + 1.10 10.80 l. 80 0.5 6.0 
N D + 1.20 11.36 2.75 0. 5 4.1 
N D + l. 30 11.12 4.00 0.5 2.8 
Where: 
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P =Phosphate buffer solution(O.l M).pH = 7. 
C =Sodium carbonate solution(O.l M). 
S =Sulphuric acid solution(O.l M). 
N =Potassium nitrate solution(O.l M). 
A = Glassy carbon electrode has been freshly polished with 
alumina. 
B = Glassy carbon electrode has been freshly polished with 
alumina and pretreated by pre-anodization at+ 1.75 V 
for 5 minutes. 
D = Glassy carbon electrode has been freshly polished with 
·alumina and pretreated by pre-anodizatiorr at + 1.75 V 
for 5 minutes followed by pre-cathodization at - 1.0 V 
for one minute. 
R = Ratio of the current signal to the background current. 
* = Continuous decrease of signals with successive nitrite 
injections. 
C.V. =Coefficient of variation of 5 measurements. 
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Figure 10-2. Variation of background currents with the 
pretreatment of the glassy carbon electrode 
(--)Untreated electrode 
(-·-·-) Pretreated by pre-anodization. 
(-----) Pretreated by pre-anodization followed 
by pre-cathodization. 
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acid media for the untreated electrode R = 13.2 at a 
potential of+ 1.50 V while for a pretreated electrode 
R ~ 17.2 at a potential of + 1.30 V. Nevertheless it 
should be remembered. that the signal obtained at the 
pretreated electrode were free from adsorption effects. 
Voltammetry of nitrite at a pretreated electrode 
The pretreatment of the glassy carbon electrode was 
the same as that used to obtain the hydrodynamic voltammo-
grams. The scan rate used was 10 m V / s and the vol tammo-
grams were obtained between 0.00 V and the positive 
cut-off potential. The linear sweep voltammetry of the 
four electrolytes showed, as predicted, an increase in 
the background current when the 'electrode was electroche-
mically pretreated. Nitrite voltammograms made using the 
pretreated electrode were sharper than those made at an 
··. 
untreated electrode. The potential peaks which are 
summarized in Table 10-3 have shifted to a less positive 
potential and the reproducibility of the voltammograms 
is improved. 
Analytical capability for use in flow injection 
amperometry 
The media and the potential which gave the highest 
R value were sulphuric acid and + 1.200 V versus SCE. 
However, because of the difficulties of preparing a solution 
of nitrite in sulphuric acid at very low concentrations 
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Table 10-3: Variation of the anodic peak potential (Ep) 
nitrite with electrochemical pretreatment 
using linear sweep voltammetry. 
Hedia E at polished E ''' t pretrea ted p electrode/V p electrode/V 
B D 
Phosphate buffer 1.10 0.82 0.80 
solution· (0.1 H) 
Carbonate solution 1. 06 0.84 0.80 
(0.1 H) 
Sulphuric acid 1.26 o. 97 0.93 
solution (0.1 H) 
Nitrate solution 0.96 0.80 0.80 
(0.1 H) 
Where: 
B = Glassy carbon electrode has been freshly polished with 
alumina and pretreated by pre-anodization at + 1.75 V 
for 5 minutes. 
D = Glassy carbon electrode has been freshly polished with 
alumina and pretreated by pre-anodization at +1.75 V 
for 5 minutes followed by pre-cathodization at - 1.0 V 
for one minute. 
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due to the stability factor; phosphate buffer was chosen 
instead as the medium in which to study the linearity of 
the anodic current signal of the nitrite with its concen-
tration. The current signal was found to be rectilinear 
over 5 orders of magnitude when a gla~sy carbon electrode 
held at+ 1.00 V versus SCE was used and the electrode 
had been pretreated anodically at+ 1.75 V for 5 minutes. 
Typical signals are shown in Figur~ 10-3. The detection 
limit was found to be 3 ppb; Once the electrode was pre-
treated, it was possible to work with it for a whole day 
without noticing any decrease of signal. 
Conclusions 
Electrochemical pretreatment of a glassj carbon 
electrode toward the oxidation of nitrite in a flowing 
stream was studied. Although a high background current 
results, remarkable improvements were made because of 
the pretreatment. These include shift of the oxidation 
potential of the nitrite to less anodic values allowing 
the use of lower potentials to monitor the maximum anodic 
current, and improvement in the reproducibility of the 
current signals. The ratio of the current signal over the 
current background used in this work was of great help 
in handling the relative variation of the current signal 
and the current (~ackground)and in choosing the most 
suitable potential and media for the determination of the 
nitrite. 
It seems likely that electrochemical pretreatment of 
(F) 
0.5 pA 
(E) 
(D) 
(C) 
(B) 
(A) 
Figure.l0-3. Signals obtained for the determination of nitrite. Nitrite concentration: 
A, 0; B, 0.375 ppm; C, 0.750 ppm; D, 1.150 ppm; E, 1.500 ppm and F, 1.875 ppm 
1\) 
\]1 
1\) 
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glaesy carbon electrodes will be shown to affect markedly 
the redox signals obtained with many other determinands. 
The general precision and reliability of amperometric 
detectors should be improved as a result. It is even possible 
that the catalytic effect of the pretreated surface will 
allow other compounds that are not currently considered to 
be amenable to amperometric detection to be oxidized or 
reduced more readily at the electrode and to be amenable 
to determination by this means. 
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CHAPTER 11 
Flow Injection Amoerometric Determination of 
Hypochlorite and Hydrogen Peroxide by On-tine 
Iodometry 
Introduction 
The importance of the iodometric titration in 
analytical chemistry is due to the low oxidation potential 
of the system (XI-I) which makes the iodine much more 
selective than other ox~dizing agents (l). The system is 
perfectly reversible and very sharp end-points are possible 
in titrations. The end point can also be determined with 
E = 0.535 V (XI-I) 
great accuracy by potentiometric or amperometric methods. 
Iodometric titrations have been used extensively to deter-
mine compounds which are either reducing or oxidizing agents. 
While these methods are very successful when working at 
a high concentration level, its usefulness becom~very 
limited at low concentration due to oxygen interference 
especially when working in high acid media. 
Iodometric titrations can be divided into two classes. 
Substances with the oxidation potential lower than that 
of the iodine-iodide system are generally oxidized readily 
by iodine7 and these substances can be titrated with standard 
iodine solution. This type of titration may be referred 
to as a direct titration method and has been used for the 
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determination of various reducing agents. Substances having 
oxidation potentials higher than that of the iodine-iodide 
system generally oxidized iodide to iodine; these substances 
can be determined by titrating the liberated iodine. This 
type of titration method may be referred to as an indirect 
titration method and has been used for the determination 
of oxidizing agents. 
Kolthoff and Jordan ( 2 ) have studied extensively 
the voltammetry of the iodine-iodide system at a rotating 
platinum electrode. In acid solution the reaction proceeds 
reversibly in 1 M sulphuric acid, that is 5 x 10- 5 M iodine 
and 10-4 M iodide. The half-wave potential of the composite 
wave is+ 0.5 V~ The cathodic limiting current is propor-
tional to the concentration of iodine when this concentration 
lies between l0- 6 M and 10-3 M. Voltammetric measurements on 
iodine are commonly made in the presence of excess of iodide 
ion, so that the iodine is converted into the triiodide, Ij. 
The limiting current of thisi~qual to that of an equimolar 
concentration of free iodine. 
Lawn et al. ( 3) have investigated the use of a flow-
through platinu~ wire detector for the determination of 
iodide ions by measuring the oxidation current of the iodide. 
Recently, an automated method for determining the 
iodine value of various industrial fatty acids has been 
described (4). The method was based on the flow injection 
technique and the chemistry was a modified version of the 
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standard Wij s solution method. Wij s solution consists 
of iodine monochloride in glacial acetic acid. The detection 
systems used were UV-visible absorbance and potentiometry. 
More recently Fogg et al. ( 5 ) have determi~ed hypo-
chlorite at a concentration range of 0.08 - 2 x 10- 3 M by 
injection into acidic bromide eluent and monitoring the 
reduction current of the bromine being produced at a glassy 
carbon electrode held at + 0.200 V versus SCE. 
This chapter describes an on-line iodometric method 
for the determination of hypochlorite and hydrogen peroxide. 
The method is based on injecting hypochlorite or hydrogen 
peroxide into an eluent of potassium iodide in a flow 
injection system. Parameters affecting the sensitivity and 
the reproducibility of these methods have been optimized 
and procedures for determining these compounds are given. 
Experimental 
Flow of eluent was produced by means of a gas pressure 
bottle and injections were made using a Rheodyne injection 
valve (5020). The injection valve was connected to a labo-
ratory built electrochemical detector cell which can fit a 
Metrohm glassy carbon electrode (6,0805010), having a wall• 
jet configuration, by means of a suitable length of 0.58 mm 
bore Teflon tubing. The detector cell with the platinum 
counter electrode and the saturated calomel reference elec-
trod~ were immersed in a large potentiometric cell containinR 
0.1 M KCl solution as electrolyte. The temperature of the 
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potentiometric cell was maitained at 25•c and the top of 
thepotentiometric ~ell was covered by a nylon cover as 
shown in Figure ll-1. Nitrogen gas was used to control 
the flow rate. The potential of the glassy carbon electrode 
was held at -0.200 V versus SCE except as indicated otherwise 
using a PAR 174A polarographic analyzer. Current signals 
were monitored on a Tarkan X600, a Y-T recorder. 
Reagents and solutions 
Preparation of a bout 0.1 M of sodium thiosulphate solution 
25.0 g of Na2 s2o3 , 5 H2 0 (A.R. grade) were. dissolved 
-.~ in doubly distilled water and made up to 1 litre'calibrated 
flask. 
Preparation of 0.1 N potassium iodate solution 
3.567 g of KI0 3 (A.R. grade) which has been dried at 
l20"C were dissolved in doubly distilled water and made up 
to 1 litre in a calibrated flask. 
Standarization oft~iosulphate solution 
2 g of KI (A.R. grade) and 5 ml of 1 M sulphuric acid 
were added to twenty five ml of the standard potassium iodate 
solution. The liberated iodine was titrated with the Na2 s2o3 
solution with constant shaking. When the colour of the 
solution became a pale yellow, the solution was diluted to 
200 ml with doubly distilled water, 2 rnl of starch solution 
were added and the titration was continued until the colour 
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saturated calom 1 
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.. 1----,--.----
Eluer,t 
+ 
Teflon tube 
Platinum electrode 
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Fi~ure 11-1 (i). Schematic representation of the 
Water 
25 c 
thermostated voltammetric cell used in 
this flow injection system which 
comprises the detector cell with a 
reference and counter electrodes. 
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Figure 11-1 (ii). Description of the cover of the 
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in this flow injection system. 
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changed from blue to colourless. 
Preparation of abo'!t Cl.05 M iodine solution 
2.0 g of potassium iodide were dissolved in 3 to 4 ml 
of doubly distilled water in a glass-stoppered 100 ml cali-
brated flask. 1.27 g of iodine (A.R. grade) were weighed 
and transfered by means of a small dry funnel into the 
concentrated potassium iodide solution. The flask was 
stoppered and shaken in the cold until all the iodine had 
been dissolved. The solution was allowed to reach room 
temperature and made up to the mark with doubly distilled 
water. The iodine solution was preserved in a small glass 
stoppered bottle and kept in cool dark place. More dilute 
solutions were made by diluting this stock solution with 
0.4 % w/v KI. 
Standa~zation of iodine with thiosulphate 
25 ml of iodine solution was transfered to a 250 ml 
conical flask and diluted to 100 ml with doubly distilled 
water. The standard thiosulphate solution, which had been 
recently standanlized againstpure KI0 3,was added from a 
burette until the solution became a pale yellow colour. 
2 ml of starch solution were added1 and the addition of the 
thiosulphate solution was continued slowly until the solution 
became colourless. 
Preparation ofaboutO.O? M hydrogen peroxide solution 
10 ml of 20 volumes hydrogen peroxide were transfered 
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into a 250 ml calibrated flask·and the solution was made 
up to the mark with doubly distilled water. 
· Standar.lization of hydrogen peroxide solution 
25 ml of the hydrogen peroxide solution were added 
gradually and with constant stirring to a solution containing 2 g 
of KI in 100 ml of 1 M sulphuric acid solution contained 
in a stoppered bottle. The mixture was allowed to atand for 
15 minutes and the liberated iodine was titrated with standard 
0.1 M sodi U'•1 thiosulphate, 2 ml of starch sol ut ion were added 
when the solution became a pale yellow colour and addition 
of standard thiosulphate was continued until the solution 
became colourless. A blank determination was made at the 
same time. More dilutesolutions were prepared by diluting 
this standard solution with doubly distilled water or with 
2.5 M sulphuric acid solution. 
Preparation of about 0.05 M sodium hypochlorite solution 
25 ml of 2 M potassium hydroxide were added to 20 ml 
of commercial sodium hypochlorite reagent(ca. 10% available 
oxygen). The solution was diluted to 500 ml in a calibrated 
flask. 
Standar.li za tion of sodium hypochlorite 
10 ml of 1 M KI an~ 15 ml of 4 M sulphuric acid solution 
were added to 25 ml of sodium hypochlorite solution. The 
liberated iodine was titrated with standard thiosulphate 
solution, 2 ml of starch solution were added when the 
colour of the solution became pale yellow. 
Preparation of 20% w/v potassium iodide solution 
20 grams of potassium iodide were dissolved in 
100 ml doubly distilled water. More dilute solution were 
made by diluting this solution with doubly distilled water. 
Preparation of 3% w/v ammonium molybdate solution 
3 grams of ammonium molybdate were dissolved in doubly 
distilled water and were made up to 100 ml in a calibrated 
flask. This solution was stored in a plastic container. 
Preparation of 0.4% or 0.04% w/v potassium iodide in 
0.3 M acetic acid 
17.35 ml of glacial acetic acid were diluted with 
doubly distilled water to a volum~ of about 500 ml. 4 gramL 
or 0.4 grams of potassium iodide dissolved in about 300 ml 
with doubly distilled water were added to the acetic acid 
solution and the final solution was made up to l litre 
in a calibrated flask. 
Procedure for the iodine determination 
100 ~l aliquots of a solution containing iodine in 
a concentration range of 10- 3 M and 10- 7 M were injected 
into an eluent of 0.4% w/v potassium iodide solution which 
had been deoxygenated for l5minuteswith nitrogen. The sample 
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was deoxygenated for 30 seconds also with nitrogen when 
necessary. A 1 metre delay coil and a flow rate of 6 ml/min 
were used- The reduction current signal of the iodine was 
monitored at a glassy carbon electrode held at - 0.200 V 
versus SCE. 
Procedure for the indirect determination of hydrogen 
peroxide 
0 to 5 ml aliquots of a solution containing hydrogen 
peroxide at a concentration range of 0.2 x 10-3 - 6.22 x 10-3 M 
and 2.5 ml of 20% w/v of KI,were added to 40 ml of 1 M 
sulphuric acid and the solution was made up to 50 ml in a 
calibrated flask with doubly distilled water. The flask 
was stoppered carefully and the mixture was allowed to stand 
for 15 minutes, lOO pl of that solution was then injected 
into 1 M sulphuric acid eluent. The reduction current of 
the iodine was recorded as before. 
Procedure for the indirect determination of hydrogen 
peroxide using ammonium molybdate as catalyst 
0 - 5 ml aliquots of a solution containing hydrogen 
peroxide at a concentra~ion range of 0.06 - 6.22 x 10-3 M 
and 2.5 ml of 20% w/v KI were added to 40 ml of deoxygena-
ted 1 M sulphuric acid solution in a 50 ml calibrated flask. 
2 drops of 3% w/v ammonium molybdate solution were added 
and the volume of the solution made up to the volume of 50 ml 
in the calibrated flask. The flask was shaken well and lOO ~1 
of that solution was injected immediately into a deoxygenated 
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eluent of 1 M sulphuric acid solution and the reduction 
current signal was recorded as described previously. 
Procedure for the direct determination of sodium 
hypochlorite in a flow injection amperometric system 
100 pl aliquots of a sample solution containing 
hypochlorite at a concentration range 1.3 - 26 x 10-5 M 
were injected into a deoxygenated eluent of 0.04% w/v KI 
in 0.3 M acetic acid solution. A delay coil of 1 metre 
and a flow rate of 7 ml/min were used. The reduction 
current signal of the iodine was recorded at a glassy 
carbon electrode held at - 0.200 V against SCE. The eluent 
and the sample were d.eoxygena ted for 15 minutes and 30 seconds 
respectively with nitrogen gas. 
Procedure for the direct determination of hydrogen 
peroxide in a flow injection amperometric system 
lOO pl aliquots of a sample solution containing 
hydrogen peroxide at a concentration range 6.22 to 622 x 10-5 M 
in 2.5 M sulphuric acid solution were injected into a 
deoxygenated eluent of 5% w/v KI solution. A delay coil of 
3 metres and a flow rate of 1 ml/min were used. The eluent 
and sample were deoxygenated as described before. The 
reduction current signal of the iodine was recorded as 
previously. 
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Results and discussion 
Direct determination of iodine by a flow injection 
amperometric method 
An initial attempt was made to investigate the effect 
of the presence of oxygen on the reduction current signal 
of iodine. Hydrodynamic voltammograms of a blank solution 
consisting of 0.4% w/v KI were made before and after deoxy-
genation. The blank sample was injected into an eluent of 
0.4% w/v KI solution which ha~ been deoxygenated for 15 · 
minutes andthe reduction signal of oxygen was measured at 
different potentials. The hydrodynamic voltammogram of 
1.1 x 10-5 M deoxygenated iodine was made similarly. The 
plots of these voltammograms are shown in Figure 11-2. 
Calculations of the sample to blank signal cllrren t ratio 
at various potentials hav~ shown (Table 11-1) that the 
potential of - 0.200 V versus SCE is the most suitable 
for the measurement of the reduction current of the iodine. 
At more negative potentials the reduction current of oxygen 
begins to interfere with that of the iodine. 
The reproducibility of the iodine signal was checked 
by injecting over 100 injections of lOO pl of 1.0 x 10-5 M 
iodine solution continuously. No decrease of signal was 
observed, indicating no adsorption effect either on the 
glassy carbon electrode1 or on the Teflon tubing material 
used in the delay coil. The coefficient of variation was 
less than 1% for well over a hundred injections (Table 11-2). 
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Table 11-1: Effect of deoxy~enation of both blank and 
sa!ple solutions on current signals at different 
potentials. Eluent and blank solutions: 0.4% w/v 
KI. Sample solution: 1.1 x 10- 5 M iodine in 
0.4% w/v KI solution. 
Potential/V +0.10 0.00 -0.10 -0.20 -0.30 -0.40 -0.50 
Peak current/nA of 4 4 4 4 6 9 14 
deoxygenated blank 
solution (B) 
Peak current/nA of 6 6 8 10 18 58 182 
undeoxygenated 
blank solution 
Peak current/nA of 292 456 578 664 680 680 685 
deoxygenated 
sample solution(S) 
B/S ratio 73 114 144 166 113 75 49 
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(A) 
600 
500 
400 
(B) 200 
100 
(c) 0 
-0.50 - o. 40 -0.30 -0.20 -0.10 0.00 +0.10 
Potential/Volt 
Figure 11-2. Hydrodynamic voltammograms of A, deoxygenated 
1.1 x 10- 5 M iodine in 0.4% w/v KI; B and C are 
undeoxygenated and deoxygenated 0.4% w/v KI· 
Sample injected: lOO,pl. 
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Calibration graphs of the reduction current against 
the amount of iodine in the injected sample were rectilinear 
-7 -.3 over tpe range 10 - 10 M. The signal shown in Figure 11-.3 
is typical of those obtained when producing a calibration 
graph for the determination of iodine. 
Deoxygenation of the injected iodine sample is 
unnecessary at concentrations higher than 6 x 10- 6 M as 
the interference of the oxygen is less than 1.75% of the 
reduction current of iodine which corresponds to 0 • .360 pA. 
Indirect determination of hydrogen peroxide by a 
flow injection amperornetric method 
The methods used in the indirect determination of 
hydrogen peroxide are an adaptation of the classical 
titration methods recommended by Vogel ( 6 l. The first method 
consists of allowing a mixture of hydrogen peroxide, potassium 
iodide and sulphuric acid to stand for 15 minutes to obtain 
a complete reaction. lOO pl of that solution, which contains 
the iodine liberated from the reaction of the hydrogen 
peroxide with the iodide ions according to the following 
reaction: 
is injected into a 1 M sulphuric acid solution. Calibration 
graphs obtainedfor the measurement of the reduction current 
signal of the iodine against the amount of hydrogen peroxide 
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Table 11-2: Variation of the values of coefficient of 
variation of lOO successive injections of 
iodine solution (1.04 x 10- 5 M) 
Number of injection peak curren t/nA coefficient of 
of the injection variation 
1 624 0.43% 
10 624 0.43% 
30 6?.2 o. 43% 
50 6?.4 0.70% 
70 620 0.87% 
lOO 623 0.98% 
(F) 
,. 
(E) 0.2 pA 
(D) 
(c) 
(B) 
'! i 
_illJ (A) 
Figure ll-3.Typical signals obtained for the deterrninativn 
of iodine. Iodine concentration: A, 0; B, 2; C, 4; 
6 -6 D, ; E, 8 and F, 10 x 10 M. Eapp. = - 0.200 V 
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were rectilinear over the range 0.2 x 10- 3 - 6.22 x 10- 3 M. 
In the second method ammonium molybdate was used as a 
catalyst, rendering the reaction instantaneous. Recti-
linearity in the calibration graphs for this second method 
was observed in the concentration range 0.06 -6.22 x 10- 3 M. 
In both methods injection of blank sample was made and 
the resulting current was substracted fron the original 
sample values. Deoxygenation of the l M sulphuric acid 
in the second method was necessary to minimize the blank 
signal. The values of the current signal resulting from 
the injection of various concentrationsof hydrogen 
peroxide which have been pre-reacted firs~ ~ccording to the 
first or second method are shown in Table 11-3 and 11-4. 
Direct determination of hypochlorite by a flow 
injection amperometric method 
As hypochlorite is more stable in slightly alkaline 
solution and as it is frequently used in this medium in 
its oxidation reactions with determinands such as ammonia 
and arsenic(III), injections of hypochlorite in alkaline 
medium(pH = 13) were made into an eluent of potassium 
iodide in different media having different pH values 
at various potentials. The reduction current signal of the 
iodine produced increases with decrease of pH especially 
when comparing KOH and K2 HPD 4 with acetic acid. The hydro-
dynamic voltammograms of the iodine signal in different 
. media are shown in Figure 11-4. The increase of the signal 
arises from the reduction of the iodine produced from the 
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Table 11-3: Calibration signals for injection of iodine 
solutions resulted from the pre-reaction of 
hydrogen peroxide. 
Hydrogen peroxide 
concentration/ 
10- 4 M 
0 
1 
2 
4 
6 
18.6 
43.4 
62.2 
Peak current/pA 
0.10 
4.40 
9.20 
18.8 
28.8 
92 
200 
300 
* K 
43.0 
45.5 
46.7 
47.8 
49.4 
46.0 
48.2 
* K= ratio of current to hydrogen peroxide concentration 
(pA/l0- 3 M) 
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Table 11-4: Calibration signals for injection of iodine 
solutions resulted from the pre-reacted of 
hydrogen peroxide in the presence of 
ammonium molybdate. 
* Peak current/pA Hydrogen peroxide K 
concentration/ 
10- 5 M 
0 0.08 
0.31 0.20 38.7 
o. 93 0.46 40.9 
2.32 1.10 44.0 
6.22 3.00 46.9 
18.60 8.70 46.3 
43.40 19.6 45.0 
60.0 28.7 47.7 
186 88.0 47.2 
622 296 47.6 
* K= ratio of current to hydrogen peroxide. concentration 
(pA/l0- 3 M) 
"' ['-
N 
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Figure 11-4. Currents obtained at various potentials for flow injection of 100 .)11 of 5. 75 x H1"5M 
hypochlorite. Eluent: 0.4% w/v KI in A, O.lM KOH; B, 0~1 M K2HP0 4 : C, 0.1 M KH2Po 4 ; 
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reactionof hypochlorite and iodide ions. Acetic acid eluent 
was chosen in this study instead of the use of sulphuric 
acid because the reaction of the former acid with 
iodide in the presence of traces of oxygen is slower than 
in sulphuric acid. Simplex optimization of the delay coil 
length and flow rate gave optimum values of 1 metre and 
9 ml/min(Figure 11-j). However the lower flow rate of 
7 ml/min was adopted for safety reasons,due to the use 
of gas pressure bottle,with a loss of less than 0.7% of 
the signal. 
The effect of the potassium iodide concentration of 
the eluent was studied next. The current signals obtained 
for identical injections of hypochlorite into 0.3 M acetic 
acid eluent containing 0, 0.004, 0.04, 0.4 and 4% potassium 
iodide 7 were 0.22, 4.16, 4.04, 3.76 and 3.04 pA respectively. 
The loss of signal size at higher iodide concentrations 
probably arises owing to increased viscosity and density. 
A concentration of 0. 04% was adopted here to ensure an 
excess of iodide at the higher levels of hypochlorite 
determined. 
Calibration graphs of the reduction current of the 
iodine at a glassy carbon electrode,held at- 0.200 V versus 
SCE against amount of hypochlorite injected into 0.3 M 
acetic acid containing 0.04% shown to be rectilinear 
over the range 0.13 to 2.6 x M
1
and the coefficient 
of variation was less than 1% at the 6.5 x 10- 5 M level. 
Table 11-5 presen~values of the reduction current of 
9 
8 
t: 
•rl 
e 
'-7 rl 
e 
----
Ql 
+' 
al 
H6 (3.27) 
:.: 
0 
rl 
ii. 
4 
3 
2 
1 
0 
0 
Figure 
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( 3. 42) 
(2.16) 
( 1. 98) ( 1.10) 
(1.36) (1.04) 
1 2 .3 4 5 6 7 
Delay coil length/meter 
11- 2· Simplex optimization. Variation of current 
signals (pA) with flow rate and delay coil. 
Hypochlorite con centra tion: 6.3 X 10- 5M. 
Eluent: 0.4% w/v KI. E~= - 0.200· V versus SCE 
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Table 11-5: Calibration signals for injection of hypo-
chlorite solutions (pH=l3) into eluent 
of 0.04% w/v KI in 0.3 M acetic acid solution. 
peak current/pA * Hypochlorite 5concen- K tration/ 10- M. 
0 0.004 
0.32 0.120 36.2 
0.65 o. 268 40.6 
1.30 0.634 48.5 
2.60 1. 40 53.7 
3.25 1. 80 55.3 
6.50 3.76 57.7 
13.0 7.4 56.9 
26.0 13.0 50.0 
32. 5 15.0 46.1 
65.0 22.0 33.9 
* K= ratio of current to hypochlorite concentration 
(pA/10- 3 M). 
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iodine at various concentratiornof hypochlorite. 
Direct determination of hydrogen peroxide by a 
flow injection amperometric method 
In this nethod direct injection of hydrogen peroxide 
in sulphuric acid. solution was made into a potassium iodide 
eluent. The effect of varying the flow rate of the eluent 
and the delay coil length on the reduction current signal 
of the iodine is shown in Table 11-6, 1 ml/min flow rate 
with 3 metres delay coil were found to be the most satis-
factory to adopt in this study. Formation of iodine was 
incomplete in this on-line determination of hydrogen peroxide: 
increasingly greater amounts of iodine were formed when 
higher concentrations of sulphuric acid and iodide were 
used. This is shown in Tables 11- 7 and 11- 8 in which the signal 
sizes are given for the injection of lOO pl of 6.4 x 10- 4 M 
hydrogen peroxide in solution having different concentrations 
of sulphuric acid into 1% potassium iodide eluent and in 
1 and 2.5 M sulphuric acid solutiorbinto eluent consisting 
of various concentrations of potassium iodide. 5% w/v of 
potassium iodide was used for the study of the relationship 
of the reduction current of the iodine and the hydrogen 
peroxide concentration. Calibration graphs of the concen-
tration of hydrogen peroxide against the reduction current 
signal,resulting from the injection of 100 pl of different 
concentrations of hydrogen peroxide in 2.5 M sulphuric acid 
solution 1 have shown good rectilinearity over the range 
6.22 - 622 x 10- 5 M. Table 11- 9 shows the calibration 
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Table 11-6: Effect of delay coil length and flow rate 
on peak current(MA) 
Hydrogen peroxide concentration in 1 M H2so 4 ~ 7.26 x 10-~ 
Eluent ~ 1% w/v Kl. 
Delay coil length/m 1 2 3 4 6 
Flow 
rate ml/min 
1 8.48 29.0 42.0 52.0 66.0 
2 7.93 23.2 30.0 38.0 45.2 
3 7.28 16.4 21.4 28.8 33.6 
4 6.56 11.6 15.6 21.4 
5 5.28 9.6 12.2 
6 4.40 8.2 
7 3.28 6.4 
Table 11-7: Effect of concentration of sulphuric acid 
on_peak current. Hydrogen peroxide concen-
tration ~ 6.4 x 10 -4 M. Eluent ~ 1% w/v Kl. 
Sulphuric acid 
concentration/ M 
0.01 0.1 0. 5 1 2. 5 5 * 
Peak current/pA 0.76 1.14 2.o4 3.68 8.64 13.9 
* Blank signal when 5M sulphuric acid was injected ~ 0.17 pA 
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Table 11-8: Effect of potassium iodide concentration on peak 
cu~rent (~A) when employing 1 and 2.5 M sulphu-
ric acid solution. Hydrogen peroxide concentration 6. 4 x l0- 4M. 
Potassium iodide 
concentration g/1. 
Sulphuric acid 
concentration 1. M. 
Sulphuric acid 
concentration 2.5 M 
0.1 1 
0.192 0.344 
10 50+ 
3.68 9.60 
8.64 16.0 
+Blank signal when lOO pl of 2.5 M sulphuric aci~ solution 
was injected into an eluent consisting of 50 g/1 KI solution. 
= 0.160 jlA. 
Table 11-9: Calibration signals for injection of hydrogen 
peroxide into eluent of 5% w/v KI. Sulphuric 
acid concentration 2.5 M. Flow rate 1 ml/min. Delay coil 
length 3 metres. 
Peak current/pA * Hydrogen peroxide K 
concentration/10-5M 
0 0.160 
6. 22 1.68 24.43 
18.6 4. 72 24.51 
43.4 11.36 25.80 
62.2. 15.68 24.95 
434 113.6 26.13 
622 153.6 24.66 
* K= ratio of current to hydrogen peroxide concentration 
()lA/10- 3 M). 
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signals for injection of various concentration of hydrogen 
peroxide in 2.5 M sulphuric acid solution into 5% w/v 
potassium iodide solution. 
Conclusions 
Methods are given for the on-line iodometric deter-
mination of hypochlorite and hydrogen peroxide using flow 
injection analysis with amperometric detection by means of 
a glassy carbon electrode held at - 0.200 V versus SCE to 
monitor the iodine formed. These illustrate the possibilities 
of carrying out iodometric determinations of a range of 
determinands on-line in FIA systems~ Comparison of signals 
with those obtained with direct injection of standard 
iodine solutions under the same conditions indicate that 
complete reaction of hypochlorite with iodide occurs on-line. 
Thus maximUm sensitivity and reliability is assured. Highly 
reproducible signals are obtained also for the on-line 
determination of hydrogen peroxide but the reaction of 
hydrogen peroxide and iodide is incomplete. The ~ossibility 
of determining by flow injection analysis the iodine 
formed completely by reaction of iodide and hydrogen 
peroxide off-line has been demonstrated. A major dis-
advantage of this off-line approach is the ready catalysis 
by acids and light of the oxidation by dissolved molecular 
oxygen of iodide in the solutions prepared before injection. 
The use of fully on-line reactions largely overcomes this 
difficulty as well as being more convenient. 
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